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. Growth and characterization of high quality HgCdTe

Table | and Table Il illustrate the best results obtained for MBE grown n- and
p-~type layers in terms of carrier concentration and electron or hole mobilities.

Most of these layers have been grown after the starting date of the current
contract. An update of these data will be given when appropriate in order to
follow the progress that the group is making during the contract. It is important
to point out that even if these resuits are the best ever obtained in the laboratory
they are representative of our level of control concerning the growth. Numerous
layers with the same composition exhibit very similar results.

A new Hg csll, which is a prototype built by ISA - Riber is currently tested in
the laboratory. This cell that we have conceived gives a very stable Hg flux
during hours of growth. In table | and Il it can be seen that thick layers can be
grown using this cell (Sample # 131-318, 2-310, 19405 for example)

Electron mobilities are above 1x10° cm?v~'s~' what Is expected for a high
quality HgCdTe material with x of about 0.20.

Hole mobilities are very good in the 20% composition and excellent for layers
grown on CdTeSe substrate (uh=840 cm®v-'s~! for x=0.31).

From our resuit it seems premature to draw a conclusion regarding the choice
of the substrate. Electron or hole mobilities are very similar whatever the substrate
used to grow HgCdTe.

Table il presents a comparison between (111)B and (100) orientation. Once
again, the highest values obtained for electron mobilities are identical for both
orientation. However, due to the twinning problem frequently observed in the
(111)B, electron mobilities are in average lower for this orientation but, on the
other hand, we have demonstrated that the (100) orlentation required more mercury
than the (111)B orientation.

Most of the layers reported in these tables have a carrler concentration Ng-Ng
or Ng-Na in the mid or low 10'*c¢m™> range below 77K.

it should be noted that both mobility and carrier concentration values are
suitable for IR device application.




ov8
0.9
004

oSy
02S
02S
ov8

ove
09t
0GS
099

rnm1>anvI:
ALITNEGON

0bXb'2
0BT’}
OIXP2

a0IXL'L
4:01X8°2
02T
o 01X6'S

w0
o 01X0°1
o 01X9°T
S 01X0°T

(,-w2)IN-YN
NOILYHLNIONOD
Y3IHYYD

QOO0
L B B

RERS 9998

N1

9L
¥'6
0'S

£c
£l
St
1 4
| 4%
v
8'8
S'S

(wri)e

SSINMOIHL NOILISOdWOD 3LvHiSEns

eoepielu oyl 18 sehej 8164 ON INVIHOJLWI

1€°0
ce0
€0

I£0
820
c2o
0c'0
€e0
0€e0
SC'0
0c0

X

eseLpd
ese1pd
8591PD

8y8Y
8yeY
syeo
syeo

81P0
e1pPO
e1pD
e1pd

61—t
oile-¢
60¢c-1

80€ 00S
¥vec €6t
eve 26¢
1ee L0S

8it It}
1€ 821
661 €0}

(1861)pEVL

ITdNVS

NOILVINIIHO €(1tl)
'e561-S81 NIIMLIE NMOUD SH3AV1 3dAl-d 38W @1POBH 40 SOILSIHILOVHVYHO TvOIHLO313

S S



. SRR
g0l X 0°1 g0t X 0. %0S wrg° | 22°0 a(Liy) sveD 201161
g0t x 2°1 10t X L %02 wrip-2 02°0 a(iiL) svep £91€02
g0l X 0°S g 0t X §°1 p (113 w2 81°0 ga(iL) sveD 96E9LS
¢Ol x 2°1t g0t X2 ALL wro-6 02°0 g(itl)  eluzpd  SON6I
GOl x 2°1 910t X} ALL wrp°g 02°0 a(i) o1Pd  0LS1l
GOl X 6°1 g0t X2 ALL wip°9 02°0 a(iLL) (sen) olpd  €€2l
1| _Azwo0)Hn (¢, 20) YN-ON (un)e X
ALITIGON  NOILVUINAONOD HAIHWYD 1  SSANNOIHL  NOILISOdWOD  NOILVINIIHO 3LVHISENS JTNVS
|
2°0 ~ X D¢061-081 NIAMLAG NMOMO SUAXVT 2dXl-N 3GW O1POBH JO SOILSIHILOVHVHD IVOI¥LO3A
T
1
'i‘.ll« T e A, PN P




1. MBE growth and Characterization of two-inch diameter p-type Hg{_xCd,Te
films on GaAs (100) substrate.

As the Molecular Beam Epitaxial (MBE) growth technique has continued to
improve for Hgy_,CdyTe films, the prospects for fiims of targer area have begun
to be explored. These larger area films are important for imaging arrays and will
be especially vital in the future for the efficient production of Hgy_,Cd,Te
materiai. The growth by MBE of uniform Hg,_,Cd,Te epilayer on a large substrate
is very difficult to achieve because of the non-uniform distribution of the fluxes
and on the non-uniform temperature of the substrate.

But above all, the main problem is due to the exponential change of the Hg
condensation coefficient with temperature. We have shown that for a given Hg
flux, a high quality monocrystaliine Hgy_,Cd,Te film can be grown in the (111)B
max"Tmin) of about 10-
15°C if the substrate temperature (Tg) is in the 180-190°C temperature range.

orientation within a narrow substrate temperature range (T

When Tg is lower than Tmln the Hg in excess desorbs but twins, detrimental for
the electrical performance, are observed. When Tg is above T max two possibilities
exist. If Tg is below 190°C the Te in excess leads to a polycrystalline material.
if Tg is above 195°C the excess of Te is reevaporated and the film still grows
monocrystalline, but an increase in the x-value of about 1.5 to 2% for each 1°C
increase in the substrate temperature is observed along with a large change in the
growth rate.

it is important to recall that a change in Ax of only $0.001 is the objective
suitable to reach for Infrared photovoltaic detectors operating with a cutoff
wavelength of 10um at 77K. It is obvious that such a requirement cannot be
achieved if part of the substrate is above Tmax' Now if the substrate temperature
is between T max and T min (incidentally Tmax and T min values are changing over
the substrate since the Hg flux distribution is not constant) the epilayers will still
experience a change in the doping level and even in the conduction type.

To minimize these temperature variations the rotation of the substrate during
the growth can help but a precise temperature measurement of the substrate by a
thermocouple is hindered. In order to have an adequate control of the temperature
during the growth which can also give reproducible results an infrared pyrometer
has been used.




The combination of flux distribution and substrate temperature variation makes
the growth by MBE of a large, high quality and uniform Hgy_,Cd,Te film to be a
real challenge.

The film presented here was grown in the (111)B orientation. The film exhibits
a uniform mirror-like surface. In order to ascertain the uniformity of this Hg1_xCdee
films over its two-inch diameter surface area, infrared transmission and Van der
Pauw D.C. Hall measurements were performed at several positions. The infrared
transmission spectra were measured at room temperature. The cutoff wavelengths
were in the 6 to 8 um reglon. The cutoff wavelength is defined as that for
which the absorption coefficient o is equal to 500 cm~', where the formula for
the absorption coefficient is & = -Ln (transmittance)/thickness. From the measured
cutoff wavelengths for each position on the two-inch diameter Hg1_xCd xTe films,
the Cd concentrations (x) were caiculated using Hansen et al.’s relation(7). Also,
from the interference spacing in the infrared transmission spectrum the thicknesses
at these positions on the film were determined.

For the p-type film reported here the uniformity of the x-value proved to be
excellent, as illustrated in figure 1. The average value of x (denoted by Xx) was
0.22, while the standard deviation Ax = [E(x-X)2/n-1]'/2 was 0.0015, giving as a
measure of the composition uniformity Ax/x=0.7%. This is an excellent resuilt
since the goal required for IR detectors in terms of composition uniformity Is
almost achieved on this two-inch diameter Hg1_xCdee film. This film is entirely
p-type.  Carrier concentrations (Ny-Ng) and Hall mobilities are reported in Table
1. Ng-Ng increased by a factor of two from 2.6x10'® cm~® at the edge of the
film, while uy increased from 5.7x10* cm?V~'s™' at the center to 6.2x10* cm?v~'s™*
at the edge.

These variations are supposed to be due to a non uniform flux distribution and
a non uniform substrate temperature. A AT4 of about 5°C has been measured over
2 inches.

This result represents an important achievement for the future of IR detectors.
As an importamt comparison this result is as good as those reported for OMCVD
HgCdTe films grown on a surface area of only [xjcm®.




Hg .4 Ca,Te (1118 grown on 2° GaAs(100)-Sample #583453
T, =195 °C
Thickness = 5.4 pm

6.7140.222
6.73 1 0.222
6.80 1 0.220
6.81 10.220
6.8210.220
6.8030.220
6.74% 0.221
6.73&0.222

A= cut-off wavelength in ym at 300K

X = 0.22 A=6.78 ym

[Zix-1)8
AXSD - n=y =* 0.0018 Also = 0.08 Pm

ax
..iiQ -0.7%




Table | - Hall measurements at B = 0.2 Tesla for two-inch diameter Hg1_xCdee(111)
flm grown at 190°C on CdTe(111)/GaAs(100) substrate.
Sample #583453.x=0, y=0 is at the center of the sample.

300K T(K) 40K
X y Cond. M4-N HH when  Cond. Nga-N e
(mm) (mm) Type (cm"'g (cm?v-1s-!) Ry=0 Type (cm"? (cm?v-1s™Y

0 0 n 2.1x10** 6.4x10° 90 p 3.6x10** 5.7x10°
4 0 n 2.0x10* 5.0x10" 90 P 3.0x10* 5.2x10*
7 0 n 2.1x10'* 6.3x10° 90 p 4.7x10'* 5.5x10%
11 0 n 1.9x10** 6.2x10° 90 p 5.1x10'* 5.7x10°
15 0 n 1.9x10** 6.8x10" 90 p 5.6x10'* 6.5x10?
18 0 n 1.8x10'* 6.8x10" 90 p 7.2x10'® 6.2x10%
0 7 n 1.9x10** 6.6x10° 90 p 4.9x10'* 6.0x10*
0 15 n 1.8x10** 6.8x10" 90 p 6.1x10'* 6.7x10?




We have shown in the previous DARPA contract (MDA 903-83K-0251) that indium
can be Iincorporated as an active impurity with a high electrical efficiency in
HgCdTe layers during the MBE growth.

Indium is a very good n-type dopant:

(1) it has a high electrical efficiency (70 to 100%) and that without any
activation (see fig. 1);

(2 high doping levels up to 10'°cm~’ have been reached;

(3) high electron mobility of 1x10°%cm?v-'s™* have been observed for doping
level of 2x10'*cm=?;

(4) abrupt junctions can be grown (see fig. 1).

But indium presents a serious problem. Memory effect has been observed which
means that some residual indium (10'* - 10'*cm=® range) is found In epilayers
grown after In-doped epilayers have been grown. This effect is supposed to be
due to indium-tellurium chemical reaction(s) taking place in different parts of the
MBE chamber. The compound(s) can later be reevaporated and dissociated if they
are hetisd. Te, In and CdTe effusion cells have been found to be the sources of
contamination along with the walis surrounding the effusion cells and the substrate
heater.

This problem has been worked out for months but no satisfactory solution has
been found, therefore another n-type dopant has to be investigated.

P-type

Arsenic and Antimony

Group V elements can be incorporated into HgCdTe as acceptors in substitution
of non-metal lattice sites using the liquid phase epitaxy. However, group V
elements have not been successfully incorporated into MBE grown HgCdTe layer as
acceptors. Both Sb and As have been tried and they behave as n-type dopants as
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illustrated in Table IV and Table V.

A cracker cell has been used for As and Sb which means that the flux was
constituted by Asy + As; molecules or by Sby + Sby, molecules.

Some of the As doped HoCdTe layers were annealed using the close tube method.
For these annealing a drop of Hg was used to control the Hg pressure and the Hg
temperature was kept higher than the sample temperature. Table IV shows the
elactrical measurements of two As doped HgCdTe layers before and after annealing.

The annealing increases the As electrical activity as a donor, and not as an
acceptor, by a factor of 4 to 5.

Sample #508331 and 511334 which have been grown with the same As cell
temperature have about the same SIMS counts. But sample #511334 has a higher
carrier concentration (factor 2 to 3) both before and after annealing. Sample #511334
was exposed to UV light while growing and not sample #508331.

Thus it appears that when exposed to UV light the electrical activity of As in
HgCdTe increases as a n-type dopant.

This is not completely surprising if we consider that As is incorporated as a n-
type dopant because As-Te bonds are established In preference to As-Hg or
As-Cd. UV light is supposed to break Te, molecule (E~3eV) making Te even more
reactive with As.

These experiments do not conclude that As or Sb cannot be incorporated as p-

type dopants in MBE grown layers. SIMS analysis shows that only a few percent
of As or Sb are salectrically active. In fact, If one considers the heat of formation
AH; of some tellurides it appears that AH; for SbyTe is equal to -4.5 kcal/mole,
less than AHs of HgTe (-7.8 kcal/mole). No data have been found for AspTe but
AHg should not be very different. This means that Sb,Te and AspTe are more
unstable than HgTe itself. it is unclear yet how As or Sb are acting as donors
Incorporated in Hg vacancies or in interstitial sites. But it seems very likely that
they could be Incorporated as acceptors. A higher Hg flux, light, electron or ion
beams have to be investigated.

11




12

As~doped HgCdTe (111)B MBE layers

After

as-grown annealing
Sample x  TAs cell(c) ThaLL () ce(cm™®)  pylecm?v=ish cc HH
133 329 0.22 230 77 n-2.5x10"* 7.0x10°

8 326 0.22 0 30 p-1.8x10'* 600

508 331 0.28 250 77 n-2.5x10'® 5.0x10°  n-1.5x10"* 4.3x10"
511 334 0.29 250 77 n-8.0x10'" 45x10"  n-3.8x10"* 2.3x10"
(UV light)

509 332 0.29 0 30 p-3.0x10'® 260
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Lithium

it has been shown that under regular MBE growth conditions As and Sb
are incorporated as donors in HgCdTe. Therefore in order to obtain p-type
HgCdTe layers incorporation of a Group | element was studied.

Lithium was the first element investigated. It is found that Li is indeed
incorporated as an acceptor. Acceptor concentrations as high as 8x10°cm=? have
been achieved. An incorporation coefficient of Li close to one and almost a 100%
electrical efficiency for Li were observed In Li-doped Hg,_,Cd,Te epilayers grown
by MBE without any external activation. However, LI is found to diffuse rapidly
in MBE HgCdTe grown layers.

For more detail see the attached paper entitled “Electrical Properties of
Li Doped Hg{_yCd,Te(100) by Molecular Beam Epitaxy" which will appear in
Applied Physics Letters in December 1987.

IV. Hgy_xCdyTe/Hg._CdyTe Heterojunctions Grown in Situ by MBE

Isotype n-N abrupt heterojunctions where grown in situ by MBE on CdTe(~
111)//GaAs(100) combination substrates. The first devices tested had x = .18 on
the bottom and x = .26 on the top. All the electrical and optical characteriza-
tions were consistent with the presence of narrow and strong composition burst
right at the interface. The R,A was limited by the wide~gap side (see attached
publication entitted “Mercury Cadmium Telluride n-isotype Heterojunctions
Grown In Situ by Molecular Beam Epitaxy.”

The later devices grown with care to avoid the problem had drastically
different behavior. The compositions where slightly higher on both sides: x =
.22 for the bottom and .28 for the top. Strong rectification was seen with
quality factors varying from 2 at high temperatures to 2.5 at 80K (fig. 2). The
forward bias occurred when the top material was biased negatively. One device
had an RoA as high as 10° Qcm® at 80K, but this value was only seen once. In
the average it typically reaches 10° at 80K (fig. 3). The activation energy of
Is/T’ varies from .1eV at high temperature to .06eV at 80K (fig. 4). the spectral
response shows a maximum at 8um wavelength, without sharp peak at short
wavelength as before (fig. 5). The capacitance measurements are unreliable
since the top material thickness was as small as .5um, and the top contact is

14
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suspected to have a smaller area than expected. A low current density 10~2A/cm?
can blow the devices opened. These measurements are consistent with a Schottky
type behavior at the heterojunction, most of the depletion occurring in the wide
bandgap material, which Is limiting the RoA. Thermionic emission is not the
only process involved in the transport since the quality factor is higher than 2.
This renders the barrier height determination unreliable, even if it seems consistent
with the expected bandgap difference between the two sides.
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V. HgTe-CdTe Superlattices: Hg incorporation in CdTe layers during MBE growth

it was shown in 1982 that HgTe-CdTe superlattices (SLs) could be grown by
MBE. But due to the noncongruent evaporation of Hg from HgTe, the Hg flux
must be maintained even during the growth of the CdTe layers. This means
that some Hg is incorporated in the CdTe during its growth. There are two
important questions that arise. First, how will this Hg incorporation affect the
bandgap of the SL. Second, how much Hg is in the CdTe.

We determine the period of the SL by the position of the X-ray satellite
peaks. The average Hg composition in the SL is then measured by EDS. The
period and the average Hg composition are then used to compute the individual
layer thicknesses If the percentage of Hg in the CdTe Iis known. Using this
method, for the same period and average Hg composition, as the amount of Hg
in the CdTe iIncreases several things will occur. First, the thickness of the HgTe
layers will decrease. This will tend to increase the bandgap. Second, the CdTe
will become Hg,Cdy_,Te with a smaller bandgap. This decrease in the barrier
height will tend to decrease the SL bandgap. Finally, the width of the Hg,Cd,_
xT@ will increase. This will have a small tendency to increase the bandgap. The
total effect on the SL bandgap of all these changes would be small.

We have grown, with a Hg flux, thick layers of CdTe under the same conditions
as in our SLs [190 to 200°C on (111)B}. The amount of Hg measured in the layer
by EDS was less than 5%. On a series of thin CdTe (111)B layers grown under
a Hg flux the amount of Hg was carefully measured by XPS. This is done using
both the ratio of the peak areas and the difference in energy between the core
level and valence band maximum. For the growth conditions that we actually use
in our SLs, these resuits agree with those obtained for the thick layers. The
Hg incorporation varies, up to 9%, depending on the growth conditions. This should
only slightly affect the characteristics of the HgTe-CdTe SLs and other micr-
ostructures, such as single and double barrier tunneling structures.

These results indicate that some Hg is incorporated’ in the CdTe but that
under our normal conditions this amount is small. The Hg Incorporation Is crystal
orientation dependent. For the (100) surfaces, about 15% Hg are observed for
growth conditions identical to those used for the (111).

For more information see the attached paper accepted for publication in
Applied Physics Letters (Nov. 1987) entitied "Hg Incorporation in CdTe During the

20
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Growth of HgTe-CdTe Superlattices by Molecular Beam Epitaxy.

VI. A review paper on Hg-based, microstructures is attached hers. Most of
the results presented in this paper have been obtained under DARPA
sponsorship.




Electrical properties of Li-doped Hg, _, Cd, Te(100) by molecular beam

epitaxy

P.S. Wilewamasuriya, I. K. Sou, Y.J. Kim, K. K. Mahavadi, S. Sivananthan,

M. Boukerche, and J. P. Faurie

Department of Physics, University of Illinois at Chicaga, Chicago, Illinois 60680
(Received 1 July 1987; accepted for publication 12 October 1987)

p-type doping of HgCdTe(100) layers with lithium during growth by molecular beam epitaxy
is reported. Hall measurements have been performed on these layers between 300 and 30 K.
The Li concentration is found to increase with the Li cell temperature. Li-doped HgCdTe
layers are estimated to have very shallow acceptor levels. Acceptor concentrations as high as
8 10'* cm™~? have been achieved. At low doping levels, due to residual donors, layers show
compensation. Incorporation coefficient of Li close to 1 and almost 1009% electrical efficiency
for Li in molecular beam epitaxy HgCdTe layers were observed. However, Li is found to
diffuse rapidly in HgCdTe layers grown by molecular beam epitaxy.

Over the past ten years Hg, _.Cd,Te(MCT) has
emerged as an important material for infrared (IR) detector
technology. MCT was grown by molecular beam epitaxy
(MBE) on CdTe substrates for the first time in 1981.’ Since
then, this technique has produced MCT layers of either » or
2 type and of a quality comparable to the layers grown by
other techniques. However, very little information exists on
the incorporation of foreign elements in MBE grown epitax-
ial layers. Recently, successful s-type doping of MCT layers
with indium during growth by MBE was reported.? Carrier
concentrations of two orders of magnitude more than what
can be achieved by stoichiometry deviation have been
reached for MBE layers growa in the (111)8 orientation.
Antimony and arsenic (group V elements) act as p-type do-
pants in MCT using other growth techniques’ such as liquid
phase epitaxy. But in the case of MBE grown MCT layers,
both Sb and As behave as n-type dopants.* In the case of
(100) orientation only a-type MCT with doping levels rang-
ing from 10" to mid-10'"® cm ™ can easily be produced by
stoichiometry deviation for x <Q.33. p-type ( 100) is difficult
to achieve for x < 0.24.’ Therefiore, in order to obtain p-type
MCT layers in the (100) oriemtstion, incorporation of for-
cign elements in group I was stadied. Li behaves as a p-type
dopant, as expected. Here, we report resuits on Li, the first
impurity successfully incorpocased as an electrically active
acceptor in MBE grown MCT layers.* In this letter, we pres-
ent electrical properties of lithism-doped MCT(100) MBE
layers studied by variable temperature Hall measurements.

MCT layers were grown in a Riber 2300 MBE machine
which is designed to handle mercury. MCT layers were
grown on 2-3 um thick CdTe buffer layers which were de-
posited on GaAs(100)-substretes. The growth was moni-
tored by reflection high-emergy electron diffraction
(RHEED). The growth rate was 4-5 A/s. Li was provided
by a separated effusion cell loaded with pure Li. Sinceitisa
very reactive material, great case has been taken when load-
ing it into the growth chamber. This was done in an inert
atmosphere. The Li cell tempessture range was 205-280 °C.
The Cd composition in the MCT layers was determined at
room temperature by infrared transmission measurements
and by energy dispersive spectwacopy measurements. The
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secondary ion mass spectroscopy (SIMS) technique was
used to obtain the concentration profile of Li atoms through
the layers. Since we did not have a standard sample contain-
ing Li, we were not able 10 relate the number of counts from
the SIMS to the actual Li concentration. Therefore, all SIMS
data are given in arbitrary units, but a relative comparison is
significant. The carrier concentration and the Hall mobility
in the layers were evaluated by the Van der Pauw technique®
between room temperature and 30 K. A AuCl, solution was
used to form ohmic contacts, and the ohmicity of the con-
tacts was checked systematically. A magnetic field strength
of 2000 G was used for the Hall measurements.

Electrical measurements of the Li-doped MCT layers at
40 K are summarized in Table I. Figure 1 shows the vari-
ation of the carrier concentration (deduced from the Hall
coeflicient) versus 1000/ T(K) for three samples. A typical
freeze-out behavior cannot be seen for the larger doping lev-
els. This happens even with mid 10'" doping levels and
above. Such an effect has been reported previously for phos-
phorus.” Furthermore, it can be seen from the figure that the
mixed conduction #—p transition region diminishes when
the doping level increases. For the higher doping levels, the
carrier concentration is independent of temperature, indi-
cating that electrically active acceptors are completely ion-
ized. The total amount of electrically active Li concentration
in the samples was determined from the low-temperature
carrier concentration data.

The only layer (sample No. 1) which shows the freeze-
out behavior has been analyzed numerically’ using the
charge neutrality equation:

n+N7'=p+N/S,
wheren, p, N/ ,and N[ are the concentration of electrons,
holes, ionized donors, and ionized acceptors, respectively.
For the donors, compiete ionization is assumed and the con-
centration of ionized acceptors is given by

N,
1 + éxexp(x, — )
where x, is the reduced acceptor level with respect to va-
lence band and 7, is the reduced Fermi level.

N, =
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TABLE I. Electrical measurements of lithium-doped MCT at 40 K. Samples No. 6 and No. 7 represent #-type MBE grown MCT( 100)

Sample Thicknes Cd composition N,-N, Motality at 40 K L1 cell temp.
No. (um) (%) (x10'%cm ™) (em?/Vs) C)
1 1.68 PA] +0.84 370 208
P 1.38 17 + 52.00 360 219
3 2.16 20 + 200.00 330 245
4 2.18 23 + 800.00 330 282
5 1.92 21 + 440.00 340 270
6 1.00 20 - 1.00 jox 10
7 6.20 19 - 1.00 24x 10

From the Kane model’ for nonparabolic bands,
n K,T( 3 )m J‘* = x!"(x+x,)"U & + x;) dx

22 \2P? ) 1 + exp(x + x, — 1,) '
where Pis the momentum matrix element of the Kane model
and x, is the reduced energy gap. For the band gap £,, an
empirical equation is used from Ref. 10. Since the equilibri-
um concentration of light hole is negligible, p is the heavy-
hole concentration. Parabolic band with Fermi-Dirac statis-
tics is assumed for the heavy holes. Since the mixed

conduction dominates at high temperature, the concentra-
tion is deduced from the following equation:

ce.=(p+nb)/(p—nd?),

where b is the ratio of electron-to-hole mobility and is given
by

b=up,/u, =1rms/m?,

where m?® =3#E,/4P*, m§ =063m,' and P
= 8xX10~" eV cm.'' When caiculating, ¥,, N,, 7, and E,
were adjusted to give the best fit for the experimental carvier
concentration data. The solid line in Fig. 1 is the best fit. It
was obtained with N, = 1.89 10'*cm ~°, N, = 1.05x 10'*
em™>, r=024, E, =83 meV, and Cd compositi 2
= 25.8%.

Figure 2 shows mobility versus doping concentration at
40 K. It can be seen that the hole mobility in the Li-doped

10" —~ ——r T —r———r
s k 00000 0 o ° o
0 1
Py E—.\Ooooocc L L4 L4
] L ]
§ 10‘7' a &

g r .02 3
< o3
I ]

'o“. ol PN N
0 0 20 30 40

1000/ T(K)

FIG. 1. Hole concentration ss a function of 1000/ T(K) for lithium-doped
MCT layers grown by MBE. The solid line for sample No. 1 is the best it
obtained for the following parameters: N, = 1.89 10" cm =’ N, = 1.08
x10%cm~’, r=0.24,and £, = 8.3 meV.
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samples at 40 K does not vary drastically with the hole con-
centration. Doping levels as high as 8 10'* cm~* were
achieved. At low doping levels, experimental results indicate
a large degree of compensation in the layers, since along the
(100) growth orientation, only n-type MBE grown
MCT(100) layers are currently achieved by stoichiometry
adjustment (see Table I). This large degree of compensation
accounts for the limitation of the hole mobility at low doping
levels.

Figure 3 shows the concentration of Li atoms in the
MCT layers calculated from the incident flux and from
growth rate (assuming unity sticking coefficient) versus
1000/T(K), where T is the Li cell temperature. The carrier
concentration N, — N, (extracted from Hall measure-
ments) and the SIMS Li counts are also plotted in Fig. 3. By
comparing the concentration of electrically active Li atoms
in the layers from Hall measurements and the concentration
of Li atoms incorporated into layers caiculated from the inci-
dent flux, it can be seen that there is good agreement within
the experimental error. At this range of doping levels, .V,

— N, extracted from Hall measurements is approximately
equal to the acceptor concentration N, , since residual donor
concentration is of the order of 10'* cm . Therefore, this
agreement is an indication that almost 100% of the Li is
electrically efficient, and also that the incorporation of Li in
MBE grown MCT layers is close to 1. As can be seen from
Fig. 3, the SIMS data fall on a straight line, indicating that
the number of Li atoms incorporated into the samples de-

1000( ot o T T
800 +
- 700 }
g 600 | |
L soo} }
o~ 400 + s R
5 a 9 a
; 300 + "i
; 200 } i
100 . N NPT | el . LLAMJ
1013 w'e w'? 10' 10'

Hole Concentration (cm™3)

F1Q. 2. Experimental hole mobility at 40 K as a function of the hole concen-
tration for lithium-doped MCT layers.
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FIG. 3. Li counts ({)) obtained by SIMS in the layers, N, — N, (cm~’)
from Hall measurements (O) and Li concentration (cm™?) calculated
from the incident flux (A) vs reciprocal of the Li cell temperature.

creases exponentially with the reciprocal of the Li cell tem-
perature. Sample No. 1, which has the lowest L¢ cell tem-
perature, exhibits a large discrepancy between Li
concentration as calculated from the incident flux and as
measured from Hall measurements. This discrepancy is due
to the compensation in the layers because the level of electri-
cally active impurities(Li) is not much larger than the in-
trinsic donors.

In order to investigate the diffusivity of Li, a sample
consisting of a nondoped MCT layer (0.93 um thick) on top
of a Li-doped MCT layer (0.93 um thick) has been grown.
From the SIMS profile of this sample, Li can be seen in the
undoped layer in amounts comparsbie to that in the inten-
tionally doped one. This indicates that Li is highly mobile in
MCT layers grown by MBE. At this point, we have no evi-
dence from SIMS data that Li is diffusing in CdTe buffer
layer and substrate.

In conclusion, we have demonstrated that Li behaves as
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a p-type dopant in MBE grown Hg, _ . Cd, Te(100). This
represents the first successful attempt 1o incorporate electri-
cally active acceptors during MBE growth. These Li-doped
MCT layers have been estimated to have very shallow accep-
tor leels for sample No. 1, which showed the freeze-out.
The caiculated activation energy was 8.3 meV. Using Liasa
p-type dopant, carrier concentrations up to 8 X 10'* cm~?
have been achieved. At low doping levels, layers show com-
pensation due to the residual donors from stoichiometry de-
viation. The doping level in the samples can be controlled by
varying the Li cell temperature. An incorporation coeffi-
cient of 1 and almost 100% electrical efficiency for Li in
MBE grown MCT layers were observed. However, the
SIMS profile indicates that Li is highly mobile in MCT lay-
ers. This represents a limitation in the use of this element,
especially for abrupt heterojunctions.
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Mercury cadmium telluride n-isotype heterojunctions grown in situ

by molecular-beam epitaxy
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Electrical characterizations of the first 2- N HgCdTe heterojunctions grown in situ by molecular-
beam epitaxy are reported. The cadmium concentrations of the two materials are 0.18 for che
bottom layer and 0.26 for the top. The measurements by Hall, ¥, CV, and spectral responsivity
are consistent with the existence of a conduction-band barrier at the interface behaving as an
insulator at low temperature. We suggest that transient effusion cell fluxes occurring during
shutter sequencing created such barriers at the heterojunction interfaces during the growth. The
high R4 (600 01X cm?) measured suggests that this effect might be of interest for future
heterojunction gate field-effect ‘ransistor investigations.

I. INTRODUCTION

The Hg, _,Cd, Te (MCT) ternary alloy is currently the
most important material for infrared applicauons in the
8-12 um wavelength range. It is also used for the 3-5 um
window and considered for the optoelectronic range. This
material can be grown for any cadmium composition x
between 0 and 1, and can then be considered as a solid solu-
tion. The corresponding forbiddea energy gap can be varied
continuously between — 0.22 and 1.6 eV at 80 K. These
unique properties plus the fact that the lattice mismatch
between the extreme compositioms is only 0.3% make this
ternary semiconductor material very attractive for hetero-
junction investigations. The maim motivation for such stud-
ies is to improve existing detector performances by tailoring
wavelength response, decreasing parasitic currents, and in-
creasing minority-carrier collection efficiencies.

LoVecchio ef al.' studied the case of back-to-back MCT
(x = 0.2)/CdTe heterojunctions. They concluded that a va-
lence-band barrier was present im the devices. n/p MCT
heterojunction photovoltaic devices were demonstrated by
Bratt.? In certain cases, barrier fonmation was also reported.

Both groups used the liquid phas= epitaxy (LPE) growth
technique and reported substantial grading and/or diffusion
at the interfaces. Vydyanath et al.? showed that such effects
cauld actually be profitable since they presented exceptional
LPE grown MCT heterojunctioa detector performances.

The possibility of including semimetallic, semiconduct-
ing, and semi-insulating materislls within the same mono-
crystal could lead to important wchnological applications.
The abrupt heterojunctions betwesn these materials have to
be further studied.

Kuech and McCaldin* repsssed characterizations of
HgTe layers grown by the metalosganic chemical vapor de-
position technique at 325-350°C on n-type CdTe. A
Schottky barrier behavior was seem, with a maximum barrier
height of 0.92 eV.

The validity of the commem anion rule for the
HgTe/CdTe system has been guasioned recently.® The re-
ported values of the valence-band offset vary from 40 meV
(Ref. 6) to 350 meV’* dependimg on the technique used.
The above workers* mention thataversion in the CdTe lay-

3119 J. Vac. Sel Technol. A § (5), SapfOct 1987

0734-2101/87/053119-08801.00

er could explain their low barrier height value. We suggest
that interdiffusion effects might have played an important
role. In any case, most of the band-gap difference should
appear in the conduction-band discontinuity.

The molecular-beam epitaxy (MBE) technique is now re-
cognized as a possible choice for the growth of MCT on
CdTe and GaAs.”'° Its low growth temperature (190 °C)
minimizes the interdiffusion effects and allows abrupt inter-
faces to be produced in thin epitaxial layers like superlat-
tices. Several abrupt n-isotype heterojunctions between two
narrow-band-gap compositions were grown for the first time
in order to observe the transport properties of the electrons
through the expected conduction-band discontinuity on the
wide-band-gap side. We present here the characterization of
mesa devices fabricated from these first samples.

Il. EXPERIMENTAL

The junctions were grown on CdTe(111)//GaAs(100)
substrates with a Riber 2300 system modified to handle mer-
cury. Both sides of the junction were doped # type with indi-
um as previously described.'' The narrow-gap side was first
made with a thickness of 2 to 3 sm before the growth condi-
tions were abruptly changed to produce the wide-gap mate-
rial up to a thickness of 1.0 um. The substrate temperature
was kept at 190 *C all along the growth. The composition of
the narrow gap was determined by infrared transmission
measurements at room temperature. [ts doping level 4 X 10'¢
cm ™ was deduced from the Hall measurements neglecting
the contribution of the wide-gap side. This was relevant since
the doping level was intentionally lowered during the
growth of the x = 0.26 material. The composition and dop-
ing (~5X 10" cm~?) of the top layer was estimated from
the growth conditions on separate runs. To check the doping
level, metal-insulator-semiconductor (MIS) structures
were fabricated with gold and zinc sulfide on a different
piece of the sample. The high-frequency capacitance versus
voltage curves were measured at 80 K and 100 kHz with an
LCR 4275 from Hewlett-Packard. The classical MIS calcu-
lation'? was used to deduce the impurity level from the mini-
mum to maximum capacitance ratio, where the minimum
capacitance was calculated using the approximation of Ref.
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FiG. 1. Structure of the devices.

19. The doping level deduced was within a factor of 2 from
the growth estimated value. The devices were made by stan-
dard photolithographic techniques and mesa etching. The
metal was evaporated over the zinc sulfide passivation
opened for contacts. Their structure can be seen in Fig. 1.
The geometry is circular to minimize edge leakage but is
obviously not optimized for detection applications. The
junction area is 7X 10~* cm?. More than 150 dots were
tested from 300 down to 80 K with a microprobe station
from MMR Technologies, Inc. The probe connected to the
top contact was positioned on the metal part overlapping the
zinc sulfide to avoid piezoelectric effects. The current versus
voltage measurements were made with an electrometer/vol-
tage source model 617 from Keithley, modified to generate
S-mV steps. All the data acquisition was computerized.

il. RESULTS

The current versus voltage curves measured can be seen in
Fig. 2. They are representative of the average of the devices
measured. Very weak forward rectification occurs when the
top wide-band-gap material is biased negatively. They could

CURRENT DENSITY (AJem? x 10°?)
s
® =

& 27444
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FiG. 2. Current/voltage curves vs temperature. Positive voltages corre-
spond to negative bias on the top material. Temperatures: curve {: 235K, 2:
169K, 3: 132K, 4: 109K, 5:92 K, and 6: 30 K.
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FIG. 3. Semilog plot of the //¥ curves when the top matenal is biased
negatively.

be simply described as showing double soft reverse break-
down at low temperature. The current is proportional to the
voltage at low bias, and tends to a power of the voltage law
(2-3) above 50-100 mV. A semilogarithmic plot of these
curves is shown in Fig. 3 for the forward bias case. Notice
that their slopes are nearly independent of temperature. The
R A values could reach 600 N2 cm® at 80 K on several de-
vices, showing that the active part of the device is on the
wide-band-gap side. Its variation as a function of 1 /7T can be
seen in Fig. 4 in reverse bias. At high-temperature it follows
an exponential law in a limited range only, and tends to satu-
rate at low temperature. The corresponding high-tempera-
ture activation energies are systematically higher in reverse
bias ( ~ 105 meV) than in forward bias ( ~80 meV). The
1/V curves were fitted by the least-square method to the
equation

I=1I{exp[(V—IR,)/V,] — 1}, (1)
where / is the current density, /, the saturated current den-
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FIG. 4. Variation of the dc resistance of the device with reciprocal tempera-
ture.
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sity, ¥ the bias voltage, R, the series resistance, and ¥, the
voltage defining the slopes of the curves. The precision of the
parameters extracted was only questionable close to room
temperature where the devices showed an ohmic behavior.
Below 150K, ¥, was found constant and equal to 145 and 80
mV in reverse and forward bias, respectively, and R, was
negligible. ¥, was increasing with temperature above 150 K.

A typical capacitance versus voltage curve is shown in
Fig. 5. It clearly does not follow the classical Schottky diode
depletion model but rather a metal-insulator-semiconduc-
tor device behavior. The frequency dependence is small. The
admittance curves correlate the slope variation of the dc cur-
rent/voltage measurements.

V. DISCUSSION

The lack of strong rectification implies that thermionic
emission is negligible. The current transport is limited by
some form of tunneling since it varies as exp(¥ /V, ) inde-
pendently of temperature below 150 K. These properties are
systematic for all the devices on several crystals, and are not
resuiting from a marginal contact process on the top contact
which could create back-to-back Schottky diodes randomly.
Furthermore, a sharp minimum in capacitance close to zero
bias should be seen in this case.'? Schottky barrier lowering
with biasing voltage is not detected since the current should
varyasexp(a¥ '/*/T),'* and ¥, should be a function of tem-
perature even at 80 K.

These results have similarities with the theory of ther-
mionic field emission across Schottky barriers (TFS).'* The
ratio kT /E o, is an estimation of the relative importance of
the thermionic and field emission processes,'* where & is the
Boltzmann constant, T the absolute temperature, and E,,
an energy defined as

By = (qh/4")(Np/M'€)”2. (2)
where g is the electronic charge, 5 the Planck’s constant, NV,
the donor concentration in the semiconducior (in our case
the wide-band-gap side with x = 0.26), m* and € the elec-
tron effective mass and the static dielectric constant in the
same material. When kT» E o, the current is mainly due to

18 # 27498
18 80K
100KHZ

Capacitance (pf)

-8 -6 -4 -2 0 .2 .4 86 .8
Bias Voitage (V)

Fi1G. S. High-frequency capecitance/voltage curve at low temperature.
Positive voltages correspond to positive bias on the top material.
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thermionic emission. When kT ¢ £ o, field emission (or tun-
neling from energies close to the conduction band) is the
dominant transport mechanism. Both types of electron
emission have to be considered when kT~ Ey, In our case
Np =5x10" cm™?, and for x = 0.26 at T = 80 K, the rela-
tive electron effective mass and dielectric constant are taken,
respectively, as 1.4 X 10~ 2 and 16.9. The value of E, is then
2.66 meV, much smaller than k7 = 6.9 meV. The fact that
thermionic conduction is not seen in forward bias, together
with the capacitance measurements results, make us con-
clude that a large conduction-band barrier is present at the
heterojunction between the two materials. This is in agree-
ment with the spectral response measured on one device in
small reverse bias at 80 K, showing a wide response in the
3—6 um range and a peak more than three times higher in
amplitude at 1.9-um wavelength. The root square of the pho-
toresponse is shown versus wavelength in Fig. 6. The low-
energy tail was close to the noise floor and was separated
from the response of the x = 0.26 material by more than |
#m. The measurement was made under vacuum with a glow
bar infrared source, a monochromator, and a lock-in ampli-
fier. The curve was corrected for blackbody radiation and
grating dispersion. It can be interpreted as internal photoe-
mission from a conduction-band barrier 0.56 eV above the
Fermi level (being degenerate in the narrow-band-gap mate-
rial). The TFS theory predicts that the current/voltage rela-
tion should be of the form'*

I=1, exp(qV /E,)

at high enough voltages, where E, = Ey, coth(E/kT) and
1, is a function of 7, the barrier height, the doping level, and
is a weak function of the bias. E,, has been previously intro-
duced.

Since E, = 80 meV below 150 K in our devices, we can see
that the rise in E, above this temperature cannot be account-
ed for by the TFS theory. Tunneling through a high and
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F1G. 6. Root square of the spectral response of the device vs photon energy.
Only the high-energy tail is shown.
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F1G. 7. Calculation of the assumed band profile of the structure at zero bias.
Parameters used: m$,,/m, = 0.44, doping left-hand side = 5 10'* cm >,
doping right-hand side = 4x 10'* cm™’, Cd composition left-hand
side = 0.26, Cd composition right-hand side = 0.18, Cd composition at the
barrier peak = 0.6, AE, = 0.15xAE,. T=80K.

sharp barrier is the suspected dominant transport at low 7.
Only a minor contribution to the current is due to band
bending change with bias in the x = 0.26 material. As will be
discussed later, we think that the barrier resulted from
abrupt composition change during growth. Its actual con-
duction-band profile is expected to be much steeper than the
parabolic potential approximation made in the TFS theory.
A Poisson solution of the expected band profile of the
device at 80 K is shown in Fig. 7. An abrupt Cd composition
increase up to x = 0.6 was assumed right at the interface,
followed by a sharp exponential decrease down to x = 0.26.
The minimum barrier thickness was set to be 100 A. The
valence-band offset between two different composition ma-
terials was assumed to be 15% of their band-gap difference.
A heavy-hole effective mass independent of composition and
equal 10 0.44 has been used. The calculation is made with the
relaxation method, using the two-band Kane'® model and
assuming fully ionized dopants without diffusion effects at
the interface. Degeneracy is included. The details of this cal-
culation will be presented elsewhere.!” We can see that the
Fermi level on the left-hand side is within 1 meV of the con-
duction band, whereas the narrow bandgap is heavily degen-
erate, the Fermi level lying 45 meV above the conduction
band.
This structure basically looks like a metal-insulator-sem-
iconductor device as suspected from the capacitance mea-
surements. The semiconductor with x = 0.26 is weakly de-
generate. The use of a metal-imsulator-metal tunneling
mode! could be appropriate at low temperature where we
established that tunneling transport is dominant. We used
the model developed by Simmons' for its simplicity, modi-
fying it slightly to make provision for different effective
masses in the metal and the insulator. [t assumes a rectangu-
lar barrier and is restricted to low temperatures where the
tunneling is independent of tempersture. We did not use it in
the first place since it cannot demonstrate the existence of
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the tunneling process by itself. The current density is given
by

I=(1/R){(®5 — ¥ /2)exp( — 4 (B, = V72)

— (@5 +V/Dexp( -4 @, + V7D }
with A = 411d [Zm,q/h,
Ry = (2Mhd¥/g?)(m,/m,,),

V<®D,, d is the thickness of the barrier, ®, the barrier
height, ¥ the bias, 4 the Planck’s constant, and ¢ the elec-
tronic charge. m? and m,, are the electron effective masses
in the insulator and the metal electrode acting as the cath-
ode, respectively. R, is not to be confused with the zero bias
resistance of the device.

The effect of barrier height lowering is not considered
since it could not be detected from the measurements and the
barrier height is expected to be large. The fact that the curves
in Fig. 3 are nearly symmetric is consistent with this model.
The low-temperature curve of Fig. 3 was fitted in reverse bias
since the tunneling is less affected then in forward bias by the
actual barrier profile on the wide-band-gap side. ¥, and d
where adjusted to produce the results shown in Fig. 8. The
following effective masses have been used: m,/m, = 0.058
and m?® /m, = 0.0039. It can be seen that the best fit occurs
for ®, =0.55 eV, in excellent agreement with the optical
rfult. The average matching barrier thickness is close to 110

The capacitance measurements can be interpreted as fol-
lows: the diode is essentiaily behaving as an MIS where the
narrow-band-gap material is the metal electrode and the bar-
rier is the insulator. The top semiconductor with x = 0.26 is
then seen n-type in depletion at zero bias. Calculation of the
low-frequency differential capacitance of the structure
shown in Fig. 7 was attempted using the same type of calcu-
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F1G. 8. Fitting of the Simmons model to the low-temperature curve of Fig. 2.
The top material is biased positively. Parameters used:

®, (eV) d (A)
Curve | 0.43 119
Curve 2 0.55 109

Curve 3 0.68 101
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FIG. 9. Relative capacitance vs voltage curves. Curve 1: second measure-
ment of the CV datashown in Fig. 5. T = 80 K, 100 kHz. Curve 2: measure-
ment of the same device with the same frequency. 7= 160 K. Curve } = X
Low-frequency capacitance caiculation at 30 K. Same parameters as in Fig.
1.

lation as before and the same parameters. The quasi-Fermi
levels on each side of the heterojunction were assumed to be
constant, their difference being abruptly accommodated at
the interface. The result is shown in Fig. 9, together with
measurements made at 80 and 160 K at 100 kHz on the same
device. We can see that an accumulstion plateau occurs be-
low — 0.2 V. Its magnitude is much smaller than the capaci-
tance of the pseudoinsulator alone. This is due to the onset of
depletion on the narrow-band-gap side which begins to be
inverted below — 0.3 V. The high-frequency low-tempera-
ture CV curve then stays approximately constant thereon.
The caiculation also shows strong inversion of the wide-
band-gap side to be occurring at + 0.15 V. Notice that these
thresholds tend to precede the sbrupt falls in capacitance
measured at 160 K. We think that these transitions are
linked to the collapse of their corresponding hole inversion
layers through the valence side of the burst barrier, driving
their respective material side in deep dzpletion. It demon-
strates that hole confinement agsinst this barrier occurred
before. We conclude that a valence-band barrier is also pres-
ent, and that the valence-band offset cannot be neglected.
Even though no precise value can be deduced from this
work, we should point out that the 15% of the band-gap
difference value used in the calculstions is consistent with sil
the measurements made as well as the recently published
studies’® when extrapolated to the HgTe/CdTe case. At the
present time the reason why the capacitance only collapses
at high temperatures is not clearly understood. It might be
linked to two-dimensional quantized energy levels of the in-
version layers interacting with deep levels within the burst-
ing material. Even though the deep levels have been omitted
from this study, they are known to be present since notice-
able hysteresis has been seen in the CV messurements, and to
a smaller degree in the /V measwrements. They could also
contribute to the enhanced tunneling process described.
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The burst in composition which occurred at the interface
is linked to the transient flux response of the effusion cell
opened during the growth to increase the cadmium content
of the top layer. When the shutter is closed, the cell has a
higher quasiequilibrium pressure than with the shutter
opened. This study shows that with the particular geometry
used the time constant required by the cell to change from
the closed to opened stable conditions was in the order 8 s.
Once detected, this problem can be avoided. Recently grown
devices trying to avoid this effect give credit to this hypothe-
sis and will be published later.

V. CONCLUSION

We showed that the electrical characterizations of the first
abrupt a-isotype heterojunctions made by MBE were consis-
tent with the presence of a sharp burst in composition at the
heterojunction interface due to the growth conditions.

The measurements and the calculations presented are in
agreement with the presence of a valence-band offset
between the barrier material and the adjacent layers. When
extrapolated linearly to the HgTe/CdTe case, the value as-
sumed is in agreement with the recently published studies.
The high RoA values obtained even for a narrow-gap compo-
sition x = 0.17 could be of interest for future gate field-effect
transistor investigation.
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Hg incorporation in CdTe during the growth of HgTe-CdTo superiattices

by molecular beam epitaxy
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HgTe-CdTe superiattices and other microstructures such as single and double barrier
tunneling structures are commoaly grown by molecular beam epitaxy with the mercury flux
continuously on the sample during the growth. This means that some mercury will be
incorporsted in the CdTe layers. We present here, for the first time, a measurement of the
amount of mercury incorporated in thin layers of CdTe. X-ray photoelectron spectroscopy was
used to measure the amount of mercury. The amount of mercury was found to be between 3
and 9% for CdTe (111)5, depending on the growth conditions. The amount of mercury was
found to increase with mercury flux and to decrease as the substrate temperature was
increased. Under the same conditions, it was found that much more mercury was incorporated
in the (100) orientation. The type of substrate (CdTe or GaAs) was not found to influence the
results. These results indicate that the amount of mercury in the CdTe layers of HgTe-CdTe
superlattices is not quite as low as expected from messurements of thick CdTe layers, but it can
be low enough that it does not influence significantly the results on the superiattice system in

the (111) orientation.

HgTe-CdTe superlattices have been proposed as a new,
interesting infrared material. '? It has been shown that they
can be grown by molecular beam epitaxy (MBE).’ It has
also been shown that the best growth tempersture is 180-
200°C.}? At this temperature the mercury condensation co-
efficient is about 10~ This means that a large mercury
overpressure is needed to grow HgTe. It also implies that
mercury will easily and noncomgruently evaporate from
HgTe. Due to this problem, the common growth technique
for HgTe-CdTe superiattices aad other microstructures
such as single and double barvier tunneling structures in-
volves leaving the Hg source open at all times.** Thus, there
is a mercury flux on the sample during the growth of the
CdTe layers. A competition them occurs between the Hg and
Cd atoms for lattice sites. As a resuilt, the CdTe layers may
not be pure CdTe but instead be Hg, _, Cd, Te with some
percentage of mercury.

This problem was recognized by the first people to grow
HgTe-CdTe superiattices on CdTe (111)2 substrates. They
grew thick layers of CdTe under the same conditions as in
the superiattice, including the psmsence of the Hg flux. The
Hg content was then measured by energy dispersive spec-
troscopy (EDS). It was found thet the CdTe contained less
than 5% mercury.” Whea we bagan to grow HgTe-CdTe
superiattices at the University of Hlinois, we repeated these
experiments with the same results.’ This small amount of
mercury should only slightly inflssace the characteristics of
the superlattices such as the bend gap and the valence-band
discontinuity. Therefore, it was asglected. The only question
was whether the results for a thick layer were the same for
the thin layer in the superiattice.

Recently, it has been suggestad that the amount of mer-
cury in the CdTe layers of the superiattice might not be as

*) Present address: Sendie National Labsmsory, Organization 1144, Albe-
querque, NM 87188,

) Permanent address: Facultes Universitaires Notre-Dame de Is Paix, B-
5000 Namur, Beigium.
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small as previously thought.* For this reason we have per-
formed the first measurements of the amount of mercury
incorporated in tAin CdTe layers grown with s mercury flux.
We have alao looked at how the amount of mercury incorpo-
rated depends upon the substrate temperature, the mercury
flux, the CdTe growth rate, and on the type and orientation
of the substrate.

The sampies were all grown at the University of Illinois
in a Riber 2300 MBE machine. CdTe substrates oriented in
the (100) and the (111)B were used. Additionally,
GaAs(100) with both (100) and (111)B8 CdTebuffer layers
were used. The substrate preparation and the growth of the
appropriate buffer layer have been discussed elsewhere.’
The Te flux was kept constant throughout the experiment.
The flux was chosen 90 that the HgTe growth rate was about
5 A/s ona CdTe(111)3 substrate. A CdTe growth rate of 1
A/s was used throughout the experiment, except when that
growth rate was the parameter being varied. These growth
ntomtypaldthaemdinthuwﬂ:dﬂﬂ‘e-CdTe

ments have been calibrated using the melting temperatures
of indium and tin.

The structure of the samples was chosen to be similar to
that of the superisttices. On the buffer layer a HgTe layer
with a thickness of 80-100 A was grown first. This was im-
mediately followed by a CdTe layer 150-170 A thick. The
CdTe layer was grown with the Hg flux still on the sample.
The Hg concentration in the CdTe layers was measured by x-
ray photoelectron spectroscopy (XPS) using both the ratio
of peak areas and the energy difference between the Hg 5d or
Cd 4d core level and the valence-band maximum (VBM).
For Hg, _,Cd, Te, this energy difference can be shown to
reflect the position of the VBM on an absolute energy scale,
because the cation core levels are virtually independent on
the alloy composition x.>'® The position of the VBM is
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known in turn to be very sensitive to the composition x.*'°
Therefore, the binding energy of the Hg 54 and Cd 4d core
levels with respect to the VBM can be used to determine the
alloy composition x. Several samples were grown without
the HgTe layer on the bottom to see if its presence changed
the measurement. No difference was found in the Hg con-
centration in the CdTe whether the HgTe was present or not.
First with the Te and CdTe fluxes constant, the substrate
temperature and the Hg flux were varied to determine their
influence on the Hg incorporation.

The samples were kept under ultrahigh vacuum condi-
tions as they were transferted to ths XPS chamber. The XPS
measurements were performed with an SSX-100 spectrom-
eter from Surface Science Laboratories. A monochroma-
tized and focused Al Ka excitation line was used. The over-
all energy resolution measured on the Au 4f;,; core level is
0.7 eV. The core levels used in this work were the Hg 4/and
5d, the Cd 4d and 3d, and the Te 4d and 3d. The values of the
peak areas and positions of all the core ievels were deter-
mined by a detailed analysis of the spectra by a least-squares
fit of individual spin-orbit doublets to the data. The line
shape used for the fits was a Lorentzian convoluted with a
Gaussian. A nonlinear background was subtracted from the
spectra prior to the fitting procedure.

Figure | shows a typical result for the spectrum of the
Cd Ad and the Hg 5d core levels. This is the most difficult
case due 1o the large number of overlapping peaks. The fit
reveals the existence of two Hg components. These two com-
ponents will be called Hg''’ and Hg'®’ in the following dis-
cussion. From its binding energy with respect to the VBM, '°
Hg'" can be clearly identified as Hg in Hg, _,Cd, Te. The
origin of Hg'®, at about 600 meV higher binding energy, is
not yet fully understood. We believe that Hg'®' is some sort
of surface mercury. Further experiments are still in progress
to clarify this point. Only the component Hg''’, associated
with Hg in Hg, _ , Cd, Te, was used in our measurements. It

Ca (190

Intenaity (arbitrary units)

s 8 7

9 g n 0
Energy below VBM (sV)

FIG. 1. Typical XPS$ spectrum from s CdTe layer grown with a mercury
flux. The dash-dotted line is the result of a least-squares fit to the data. The
dashed lines represent the individual components used for this ft. The back-
ground is represonted by the solid line. The dots are the experimental data.
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is the only one that should influence the band gap, if Hg‘?’ is
indeed a surface phenomenon.

To obtain the binding energies (Eo — E ) used for the
determination of the Hg concentration, the position of the
VBM was determined simply by a linear extrapolation of the
valence-band leading edge. This procedure has proven to be
reproducible and very accurate for Te-based I1-V1 semicon-
ductors.!! Since the binding energy defined sbove is very
sensitive to the Hg concentration in Hg, _,Cd, Te,'® it can
be used to determine the amount of Hg in the CdTe. As can
be seen in Table I, there is good agreement between the two
methods. This gives us confidence in our results and in neg-
lecting the Hg'* component. This procedure implies the
measurement of the valence-band energy distribution curve
and is thus highly time consuming. Therefore, it was not
applied systematically to all the samples.

In order to compare our previous results for a thick lay-
er with these for a thin layer, we grew & thick CdTe layer and
checked the Hg concentration with both XPS and EDS. The
growth conditions were similar to those used for the thin
layers (T, = 195°C, Hg flux = 1.6X10'" cm~?s~', and
CdTe growth rate 1 A s~'). The results from EDS agreed
with all of our earlier work and gave a value of sbout 3% Hg
in the CdTe. The XPS resuits on this layer gave a Hg concen-
tration of 5%. This difference is within the range of experi-
mental error, but it may also indicate that there is a slight
difference in the Hg concentration with depth.

The bomogeneity of the Hg distribution with depth can
be checked by comparing results from core levels at different
binding energies. In our case the determinations using the
Hg 4/, Cd 3d, and Te 3d core levels are more surface sensi-
tive than those using the Hg 5d, Cd 4d, and Te 44 lines. This
is due to the smaller escape depth for the Cd 34 and Te 3d
photoelectrons (4= 15 A) compared to the Cd 4d and Te 4d
(4=20A). We found that the more surface-sensitive deter-
minations systematically yielded slightly higher concentra-
tions. Compared with EDS, XPS is primarily a surface tech-
nique. The obeerved surface enrichunent is thus consistent
with the difference between the bulk results from EDS and
the XPS results. Further investigations with good depth re-
solution would certainly be very desirable to confirm (or
infirm) this point.

Table I summarizes the Hg concentrations determined
by XPS for the different substrate and Hg cell temperatures.
The Hg concentrations determined by both XPS methods
are given. The values given in the table based on peak area

TABLE L. Hg 10 Te ratio in CdTe grown with s Hg Sux os CdTe substrates,
slong with the growth conditions. 7, is the substrate tempersture. The
c‘ropu-ﬁmuhﬁmuaullm.

s - ]

Substrate T, Hg flax l-x -z
orientation ('C) (10" cm~%s"') (arearstios) (bindingenergies)
(1na 178 1.6 0.083 +0.009 0.087 + 0.020
(118 188 1.6 0.06S + 0.018 OOSItO.m
nmna 193 1.6 0.057 + 0.016
(una 195 0.89 0.043 4+ 0.010 omotaozo
(1na 195 1.6 0.057 + 0.016
(s 193 22 0.085 + 0.016  0.100 + 0.020
(100) 185 1.6 0.147 4+ 0.0t6
- _
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ratios are average values from four different sets of core level
spectra. Relative sensitivity factors were determined for our
instrument from MBE grown HgTe (111) and CdTe (111)

The Hg flux was determined using Knudsen's effusion
law, which is a good approximation in this case for the direc-
tion normal to the evaporating surface. A change of the sub-
strate temperature by 10 °C will change the Hg condensation
coefficient by about a factor of 1.5.* Several striking features
are observed from this table. First, for these growth condi-
tions on CdTe (111)B the amount of Hg incorporated is
much less than 20%.'? Second, the overall agreement
between the area ratio and the binding energy resuits is good.
Third, the amount of Hg incorporated follows the general
trends expected from the growth conditions, and the relative
magnitudes are in reasonable agreement with the Hg flux
and condensation coefficient variations. Fourth, a Hg con-
centration of 5% was obtained by the correct selection of the
growth conditions and we have obtained a value as low as
1% in a second set of experiments.

It has been reported that for a CdTe (211) substrate the
amount of Hg incorporated is abost 20%.' We have also
shown that the Hg condensation coeflicient varies depend-
ing on the orientation of the substrate.'* For this reason, we
have also investigated CdTe (100). The fluxes were the same
as used for the (111)3. The results are also given in Table L
The difference in the Hg incorporstion is very large and op-
posite to our initial expectations, simce Hg on CdTe (100)
has the smaller condensation coeficient of these two orien-
tations. We do not understand thess results, but they show
once again that MBE growth cannot be treated by a classical
thermodynamic approach using ths law of mass action and
neglecting surface kinetics.

We performed a secoad set of experiments to check the
dependence of the Hg incorporation oa the CdTe growth
rate and on the type of substrate. The Te and Hg fluxes were
kept constant. The resuits are givea in Tabile IL.

The first point that can be seen from thess results is that
it does not matter whether a CdTe (111)2 substrate or a
GaAs (100) substrate with s CdTe (111)2 bufffer is used to
grow the layers. The Hg incorporatian is about the same for
themmmmumhﬂmthﬂg
incorporation appears to increase with the CdTe growth
rate. We do not have much data, but the trend sppears to be
in this direction.

It was also found that the quality of the surface prior to
the growth of our structures coul dramatically influence
the amount of Hg incorporated. If the same substrate was
reused frequently and thus re-etched ssveral times or an ins-
dequate buffer layer was grows, a significantly larger Hg
incorporation was found. This means that extreme care must
be taken not only when doing this type of experiment but
also when preparing a substrate on which to grow s superiat-
tice.

In conclusion, we have pressaied for the first time a
messurement of the amount of mercary incorporated in thin
layers of CdTe grown under mercury flux. The growth con-
ditions and the structures were chosm to be similar to those
in HgTe-CdTe superlattices. When carefully prepared, lay-
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TABLE II. Hg to Te ratio in CdTe grown with a Hg flux along with the
growth conditions. All were grown on a CdTe (111)8 buffer layer but the
initial substrate was varied. T, is the substrate temperature. Estimated Hg
fux: 1.6 10" cm~3s-",

S

T, CdTegowth I-x C lex
Subetrats  ('C) rate (A/3) (area ratios)  (binding energics)
CdTe 193 0.8 0.030 +0.00¢  0.043 + 0.020
CdTe 198 10 0.057 +0.016
CdTe 195 20 0.078 + 0.008
GsAs 188 1.0 0.065 + 0007  0.063 + 0.020
GaAs 193 10 0.036 + 0.008 -

ers grown on CdTe (111)5 were found to contain between 3
and 9% mercury. The amount of mercury was found to in-
crease with the mercury flux and the CdTe growth rate, and
to decrease as the substrate temperature was increased. We
did not observe any significant dependence of the amount of
mercury incorporated on the type of substrate but there was
a large dependence on the orientation of the substrate. We
found that much more mercury was incorporated for ( 100)
than for (111)5 prepared under the same conditions. We
thus expect the Hg incorporation in CdTe (100) to be even
more important under normal growth conditions. ' This de-
pendence of the amount of mercury incorporated on the
care must be taken when comparing results between differ-
ent groups. Aleo, dramatic increases in the amount of Hg
incorporated can occur if the initial surface is not properly
prepared. These results indicate that the amount of mercury
incorporated into carefully prepared (111).5 superiattices is
small enough that it should not significantly influence the
charactesistics of the superiattices previously reported, and
in particular the value of the valence-band discontinuity and
the bend gaps.
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ABSTRACT

This review paper reports on growth by Molecular Beam Epitaxy and
characterization of lgl_‘NxTo-CdTo (N = Cd, Mn or Zn) superlattices and
Igl_‘Cd,To-lgTo heterojunctions with a special attention to the interdif-
fusion, the valence band offset between HgTe and CdTe and the Type III to
Type I transition in these superlattices.

A and

I. INTRODUCTION

HgTe~CdTe superlattices have received a great deal of attention over
the last several years as a potential material for far-infrared detectors.
Since 1979 when this superlattice (SL) system was first pr:g;:od as & new

theoretical and experimental attention has been given to the study of this

material for application in infrared optoelectronic devices, significant
new superlattice system. The interest in HgTe-CdTe SL is due to the fact
that it is a new structure involving a II-VI semiconductor and a II-VI
semimetal and that it appears to have great potential as a material for
infrared detectors.

u Most of the studies have focused primarily on the determination of
the superlattice bandgap as a function of layer thicknesses and as a
function of temperature. Also, the description of the electronic and optical
properties at energies close to the fundamental gap has received much
attention. (2%

The growth of this novel superlattice was first reported in 1982(5)
(6-9)

and has subsequently been reported by several other groups.

. The first theoretical calculations using either the tight binding approxi-

1) 2

§ mation with spin orbit splitting or the envelope function approximation
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showed that the bandgap Es of the SL did vary from 0 to 1.6V demonstrating
that it could possibly used as an infrared material. These first calculations

assumed that the valence band offset A = was small or even

-T
8HgTe 8CdTe (10)

zero in agrecment with the phenomenoclogical common anion rule.

Theoretical calculations predict a narrowing of the SL bandgap Es
compared to the bandgap of the E‘l-xCd*T' alloy with the same composition.
Also the SL bandgap is predicted to decrease as the thickness of the HgTe
layer (d1) in the superlattice increases. It has also been predicted that
in the far infrared the cutoff wavelength of the SL will be easier to control
than that of the corresponding alloy since di/d(dj) of the SL should be
less than d)/dx of the nlloy.(s) These three predictions have been confirmed

expnrinontnlly.(ll-lk)

In the classification proposed for heterointer-
flc.l.(ls) the HgTe-CdTe SL appears to belong to a new class of superlattices
called Type III. This is due to the inverted band structure (g and Ig)
in the zero gap semiconductor HgTe as compared to those of CdTe, which is

a normal semiconductor [Fig. 1]. Thus, the rg light-hole band in CdTe
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)
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Fig. 1. Band structure of bulk HgTe and CdTe. The lh, hh and e indices

refer to light holes, heavy holes and electron respectively.

becomes the conduction band in HgTe. When bulk states made of atomic
orbitals of the same symmetry but with effective masses of opposite signs
are used, the matching up of bulk states belonging to these bands has, as
a consequence, the existence of a quasi-interface state which could contribute
significantly to optical and transport propertiel.(ls) Indeed, we have
shown that the interface states could be responsible for the high hole
mobilities prviously reported and not yet understood.(17'18)
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investigations, the orientation of the CdTe film is the (ITI)Te fnco.(zz)
We have grown on both CdTe (TIT)//GaAs(100) and CdTe(100//GaAs(100) substrates
and we have seen a difference in the mercury condensation coefficient.

This has already been reported for the growth of Hg yTe films on

&§§Cd

that growing at 190°C on a (100) orientation requires about 4.4 times more

substrates of different crystallographic orientationl.( It turns out
mercury than growing on a (III)Te orientation at the same temperature.
But in the (100)- orientation no microtwinning due to the formation of
antiphase boundaries are observed which makes the growth more easy to
control than in the (TII)B orientation.

In order to obtain high quality superlattices we use typical growth
rates of 3-As™} for HgTe and 1As”! for CdTe. This represents the best
compromise between the low growth rate required for high crystal quality,
especially for CdTe which should be grown at a higher temperature than
180°C, and the duration of the growth, which should be as short as possible
in order to save mercury and to limit the interdiffusion process which
cannot be completely neglected between these interfaces (this will be
discussed later).

Compared to the growth of HgTe-CdTe SL that of Hgl_xCdee-CdTo SL
presents an additional difficulty since we have to control the ternary
alloy Bgl_‘Cdee instead of the binary compound HgTe. Furthermore, since
our goal is the study of the Type III - Type I transition, the composition
(x) of the alloy should be very well controlled. In order to have the
necessary flexibility for the composition x, a Cd cell plus a CdTe cell or
two CdTe cells are required. The growth of Hgl_xCdee by MBE has already
been discussed in numerous papers(zb) and the growth of Hgl_xCdee/CdTe SLs
successfully achievod.(ls)

Hgl_anxTc-CdTo SLs have been grown with x ranging from 0.02 to 0.12
on CdTe (TTI)//GaAs(100) substrates using three effusion cells containing Hg,
Mn and Te for the growth of the alloy and a CdTe cell for the growth of
CdTo.(zs)

More recently H;l_xanTc-CdTe SLs have been grown with x ranging from
0.02 to 0.15 on CdTe(TIT)//GaAs(100) substrates using three effusion cells
containing Hg, Te and ZnTe for the growth of the alloy and a CdTe cell for
the growth of CdTe.

The proof that these novel superlattice systems have successfully
been grown is attested to by X-ray diffraction, as illustrated in Fig. 2.
In addition to the Bragg peak one can see satellite peaks due to the new
periodicity. The periods of the SLs were measured from the position of
the SL satellite peaks as determined by X-ray. The method for determining
the period of a superlattice by X-ray diffraction is commonly used and has
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and the CdTe layer thickness (d;) were then calculated using the Cd and Hg
concentrations measured by energy dispersive X-ray analysis (EDAX). In
order to prevent the Hg reevaporation from HgTe layers the Hg cell is left
open during the growth of CdTe layers. Thus a competition occurs between
Hg and Cd. The incorporation of Hg in the CdTe layer depends critically
upon several parameters such as the substrate temperature, the crystal
orientation and the growth rate. Measurements by secondary ion mass
spectroscopy (SIMS), wavelength dispersive spectroscopy (WDS), Raman
scattering and EDAX showed that for a thick CdTe film grown under the same
condition as we grow our superlattices, there was less than 5% Hg incorporated
into the film. Neglecting this small amount of Hg, the ratio of dj to the
period is just the average Cd composition measured by EDAX. The error in
ignoring the Hg in the CdTe and the error in the EDAX measurement itself
could lead to errors in d; and dy of 7 to 8%. Nevertheless, it has been
shown recently that more mercury has to be incorporated in the CdTe layers
in order to explain the far infrared reflectivity spectra of several super-
lattices.(27) Thus the question is: does a thick film represent what
fraction of Hg is incorporated in a thin f{lm? Experiments are currently

carried out in order to answer this question.

IIT. INTERDIFFUSION

A very important question for the application of this material to opto-
electronic device 1s the thermal stability of the HgTe-CdTe interface.
Because of the lower temperature used in MBE compared to other epitaxial
techniques such as LPE, OMCVD, or CSVPE, the diffusion processes are more
limited in MBE, but the magnitude of this interdiffusion has not yet been
fully determined.

To investigate the extent of this interdiffusion, we have carried out
temperature-dependent in situ X-ray diffraction measurements on several
HgTe-CdTe samples. The estimated interdiffusion constants D(T) are based
on the analysis of the X-ray of the nth satellite intensities as a function
of time for given temperatures T.

) | gin_y2 -
T(ty) 8( 1) %D(t-ty) where L = d; +dy is the periodicity

In

of the luperlnttica.(zs) The interdiffusion measurements were carried ~ut
using several different techniques to hold and heat the sample. These
heating methods called respectively radiative or conductive have been

described ellewhete.(zg)

From the slopes of the intensity of the first-
order satellite peak versus time we have calculated the finterdiffusion
coefficients for five different saumples annealed at 185°C which is the

usual growth temperature. The results reported in table I show a large
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variation for the diffusion constant calculated at 185°C. D for SL 13 is
fifty times higher than for SL 54, We think that part of this difference
may be due to the experimental method. Nevertheless a difference of about
an order of magnitude is observed for different superlattices measured by

the same heating technique. The various values obtained from different

Table 1. Results of in-situ interdiffision measurements on HgTe-CdTe
superlattices grown at 185°C in the (TII)B orientation

Sample # # Periods Period HgTe CdTe Substrate Heating Diffusion

L(k) 4Gk (k) method & D(185°C)
Environment (cnzs—l)
fordiffusion
sL13 250 15 97 60 GaAs  radiative 3.0x1071%
helium
SL49 142 97 35 62 CdZnTe radiative 1.8x107 18
helium
SL52 190 97 6 61 GaAs  radiative 3.0x1071?
helium
SL54 180 69 44 25 GaAs conductive 6.3x10 20
mercury
SL48 170 94 42 52 CdTe conductive 7.0x10 20
helium

HgTe-CdTe superlattices to this date emphasize that some material specifi-
cations should be assessed before attributing too much importance to the
direction of the heat flow through the superlattice. These material
specifications can all contribute in many ways to the magnitude of the
diffusion coefficients. They are (i) the density of the vacancies; (ii)
the content and nature of the impurities; (iii) the density and type of
dislocations; (iv) the roughness of the heterojunctions; (v) the quality
of the superlattice which can be estimated by the number of satellite
peaks observed on each side of the control peak; (vi) the growth rate,
which might be related to vacancies, impurities and dislocations; and
(vil) the nature of the substrate and that of the buffer layer, as well as
the lattice mismatch between these two components of the suéerlattice.

Furthermore our results indicate that interdiffusion is concentration
dependent and thus the interpretations of these results will have to ba
somewhat modified.




It is important to point out that a diffusion constant D(185) in the
range of 3 x 10.18 - 3x 10]'9t:||211-1 is consistent with extrapolation of
data obtained by a different group working on the interdiffusion in HgTe-
CdTe single junction.(so)

Despite this dispersion in the results it turns out that the thickness

of the intermixed layer caused by annealing at the growth temperature of
185¢C, calculated from the relation 1 = /DE, cannot be neglected for thick
d ‘ superlattices required for IR detectors.

X Despite thesa~evidences, discussions about interdiffusion during the
growth kept on being heard, whether this phenomenon is present or not. In
order to answer this question we have grown two thick HgTe-CdTe SLs in the
1 (TTI)B orientation on CaAs(100) at 185°C. Table II shows the growth data
and the period computed from the 1.476A X-ray data. Three differant
wavelengths, 0.709&, 1.282A& and 1.476A were used to characterize these two

SLs. The absorption of the X-rays is used as a tool to probe various

Table 2. Characteristics of HgTe-CdTe superlattices grown on GaAs(100) in
the (TTIB orientation at 185¢C

vy

SL # # of period Period Duration of Thickness
A) growth (um)

SL93 320 198 6h58 6.34

SL95 420 157 8h18 6.60

depths in the SL. Results are similar for both SLs. It is seen (Fig. 3)
that the softest wavelength (1.476A) produces the cleanest and the best
diffraction spectrum, emphasizing that the top of the SL has interfaces
. much sharper than those near the interface with the buffer layer.
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Fig. 3. Room temperature X-ray diffraction profile

about the 222 reflection of SL95 X-ray
wavelength: (a) 0.709 A, (b) 1.282 A, (c)
1.476 A.

This indeed indicates that significant interdiffusion occurred during
the growth of these superlattices in agreement with in situ measurements
done on similar superlattices.

In-situ interdiffusion measurements on X-alloyed Hgl_xXxTe/CdTe
superlattices (X = Cd and Mn for thisz study) reveal that superlattices
with x > 0 are more stable than HgTe/CdTe superlatticel.(31) These alloyed
superlattices have, therefore, a better chemical stability, hence longer device
lifetime than the non-alloyed ones, alowing for technological developments
to proceed. It is hypothesized that the differences between Fourier

components of the diffusion coefficients D(T) are due to Cd- and Mn-substi-
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tutions which presumably slow down interstitial and vacancy motions. 11

IV. SUPERLATTICE BANDGAPS

At low temperaturs, a precise determination of the SL band gap can be

obtained from far-infrared magneto-absorption experilents.(sz’sa) Vhen a
strong magnetic field B is applied perpendicular to the SL layasrs, the
b : subbands are split into Landau levels. At low temperature (T -~ 4K), the
3 infrared transmission signal, recorded at fixed photon energies as a

function of B, presents pronounced minima which correspond to the resonant
interband magneto-optical transitions between the valence and conduction
1 Landau levels. 'Tho Landau level energies and, therefore, the interband

transitions energies, can be calculated in the framework of the envelope
1 function nodel.(z'sb) Good agreement between theory and experiment is
obtained for A in the range (0-100 meV), taking into account the uncer-

tainties in the sample characteristics. The SL band gap is obtained by

extrapolating the energies of the observed transition to B = 0., Figure &4

Sa oo

shows the SL band gap deduced from such experiments in four different
samples at 2K. The solid lines in Figure 4 represent the theoretical
dependence Eg(dl) calculated for dp = 20, 30 and 50X using A = 40 neV.(as)

Experiments and theory are in very satisfying agreement, when A is small
and positive.
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Fig. 4. Variation of the band gap of different hgTe-
CdTe superlattices at 2 K as a function of
the HgTe iayer thickness (d1). The experimental
data are given by the solid dots; for each

r sample, the first number corresponds to d;

and the second one to dj which is the CdTe

p layer thickness. Thesolidlines are theoretical

fits for three values of dj. !
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In order to determine the SL cutoff wavelength, infrared transmission
spectra were measured hetween 400 and 5000 ¢:l-1 at 300K, The absorption
coefficient (a) was calculated versus wavelength and the cutoff wavelength
was defined to be the wavelength where o is equal to 1000 c-'l. The
absorption coefficieant was obtained by taking the negative of the natursl
logarithm of the transmission spectrum and then dividing by the thickness
of the SL. Even though the accuracy of this kind of determination is
questionable and the value of 1000 CI—I for a is rather arbitrary, we have
found that the values of the cutoff determined in this way are in fairly
good agreement with those determined by photoconductivity throlhold.(ss)
The bandgap, in eV, is just 1.24 divided by the cutoff wavelength in um.
We do not mean to imply that this technique gives an absolute measure of
the bandgap. Rather, it gives & consistent, first order value. The
method 1s quite reproducible (within 5%) and quite simple. It is also quite
useful to determine SL's HgTe layer thickness.

We have previously found that this method is not very accurate for thin
superlattices.(1ll) Nevertheless, these investigations confirm that the
bandgap of the SL is less than that of the equivalent alloy and that it
decreases as the HgTe layer thickness (d;) is increased, as illustrated in
Table 3.

The theoretical value of the SL bandgap is obtained from the SL band
structure at R = 0, calculated using the envelope function approxims-

tion.(z’aa)

The band structures of HgTe and CdTe near the ' point are
described by the 6 x 6 Kane Hamiltonian taking into account g and I'g band
edges. The interaction with the higher bands is included up to the second
order and is described by the Luttinger parameters Y;, Yy = Y3 = Y (spherical
approximation), and K. In this calculation it is assumed that temperature
variation of Y7, Y and K between 4 and 300 K arises essentially from the
variation of the interaction gap ¢, between the ¢ and I'y band edges. For
a HgTe-CdTe superlattice, a system of differential equations is established
for the multi-components envelope function. The boundary conditions are
obtained by writing the continuity of the wave function at the interfaces
and by integrating the coupled differential equations across an interface.
Taking into account the superlattice periodicity, the dispersion relation
of the superlattice is obtained. From this, the superlattice bandgap as a
function of the HgTe and CdTe layer thicknesses can bs found.(z‘sz)
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Table 3. Characteristics of HgTe-CdTe superlattice grown in the (111) 13
: orientation. The superlattice bandgaps are determined from room
i temperaturs infrared transmission.
; sL# HgTe CdTe SL COMPOSITION ALLOY
{ (R) (A) BANDGAP BANDGAP
é (meV) (meV)
' 1 40 20 155 0.33 335
2 40 60 225 0.60 712
t i 3 74 36 125 0.33 325
‘ 5 97 ' 60 100 0.38 401
1 6 110 48 90 0.30 295
1 7 8 50 114 0.37 383
8 81 34 113 0.29 281
9 53 34 167 0.39 413
10 47 30 175 0.39 412
& 11 83 47 117 0.36 374
14 75 31 116 0.29 281
15 58 47 162 0.45 491
16 58 28 135 0.33 325
17 63 37 145 0.37 385
18 36 61 250 0.63 757
19 50 36 180 0.42 452
22 46 48 200 0.51 581
1 30 107 91 92 0.46 478
‘ 31 66 91 144 0.58 684
l Figure 5 presents a comparison of the experimental and theoretical
1 bandgaps. The solid lines correspond to the calculated dependence Eg(dl)
for dp = 10, 20, 30, 40 and 100 A at 300K. An offset A = 40 mev(}>
r between the HgTe and CdTe valence band edges is used in these calculations.
There is good agreement if one considers the uncertainties in the HgTe and
CdTe parameters used in the theoretical calculation and the uncertainties
in the experimental determination of the layer thickness. For the SLs with
: dy between 35 A and 60 A, an Interesting trend can be seen. For the
g larger values of dj, the experimental E8 is larger than the theoretical.
{ For the smaller values of dj, this is just reversed. This suggests some
s sort of systematic discrepancy between the experimental data and the
!
\
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Fig. 5. Variation of the band gap of different HgTe~CdTe
superlattices at 300 K as a function of the HgTe layer
thickness. The samples characteristics are listed in
Table II and the experimental data correspond to the
solid circles (17 s dy s 24), crosses (25 5 dp 5 60).
The solid lines are theoretical fits for different
values of the CdTe layer thickness (dj).

theoretical predictions. A similar discrepancy was seen for bandgaps
determined by infrared photolu-inelconce.(37) For this reason, we believe
that this discrepancy between theory and experiment is not due to the
experimental technique.

This discrepancy suggests that the experimental data may have a different
functional form than the theoretically predicted one. To examine this
problem more closely A\, has been plotted on Fig. 6 as a function of the
HgTe layer thickness dj, for SLs having a CdTe layer thickness (dy) greater
then 40A, along with the theoretical curve provided by Y. Guldner. Using
the technique described above to determine )., we have measured a value of
13.6um for Ao of HgTe. We believe that this iz the limit of the technique.

A least squares fit was performed on the data to determine the equation
of the relationship between ), and dy. Both linear and quadratic terms in
dy were included in the fit. The coefficient of the quadratic term was
found to be 4 orders of magnitude smaller than the coefficient of the

linear term. The resulting linear relation was:
Ao (um) = 0.1184 d) (A) + 0.78

The solid line in Figure 6 corresponds to this equation. If the line is

-
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extrapolated back to dy = 0, a value of \, = 0.78um is obtsined. The 1\,
of CdTe should be about 0.83um. This is in reasonable agreement with the
value obtained by extrapolation of our equation. This linear relation
between the cutoff wavelength and the HgTe layer thickness is not predicted
by theory as it can be seen in Fig. 6.

20

Cutoff Wavelength (ym}

1

R S PR
[} 25 50 78 100 125

HgTe Luyer Thickness (R)

Fig. 6. Cut-off wavelength of HgTe-CdTe superlattices
at room temperature as a function of the
BgTe layer thickness (dy > 40 A). The
experimental data are given by the circles
and the solid line is the linear fit. The
dotted 1ine is the theoretical curve calculated
by Y. Guldner. .

Thus we found a difference between theory and experiment in the functional
form for the relationship between ), and dj. This is true in apite of the
fact that theoretical predictions and experimental measurements give about
the same value for the superlattice bandgap. The cause for the discrepancy
is not clear at this time.

Infrared photoluminescence of several HgTe-CdTe SLs have been measured
as a function of temperature from liquid helium to 300K.(37) The SLs were
growvn on both GaAs and Cdl_xanTe substrates with HgTe layer thicknesses
ranging from 22A to 85X and CdTe layer thicknesses from 18K to 624.
Photoluminegcence peak positions were observed over the range from 3um to
17um (B - 0.4 to 0.07¢V). Por SLs with HgTe layers 60A to 854 thick it is
found that the photoluminescence4 peak positions as a function of temperature

agree fairly well with the predicted bandgap using a small value (0.04eV)
for A.

For superlattices with thinner HgTe layers (224 to 45A) the predicted
bandgaps were at higher energy than the photoluminescence peak positions.

15
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It is possible to use the cutoff wavelengths determined by IR transmi-
ssion to go one step further in finding how ), depends upon the layer
thicknolcos.(as) This data can be used to determine an empirical formula
for A\, as a function of both dy and dy. A least squares linear fit has
been performed on each of the sets of points with a similar value for dj.
The lines are shown in the Fig. 7. From these fits it is clear that the
intercept is approximately constant and is therefore independent of the
CdTe layer thickness. But the slope of the lines does depend upon dj.

18
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Fig. 7. Variation of the cutoff wavelength of different
HgTe-CdTe superlattices at room temperature
as a function of the HgTe layer thickness.
The data is grouped by CdTe layer thickness.
The lines are least squares linear fits of
each group of data.

The slopes can then be fit to some functional form. The resulting function
of d) and 45 is

Ae(um) = [0.3666 exp(-0.0034d3) + 0.118) d; + 0.78

V. VALENCE-BAND DISCONTINUITY

The band structure of HgTe-CdTe superlattices have been calculated by
using the LCAO or the envelope function models which give very similar
results. An important parameter, which determines most of the HgTe-CdTe
SL's properties, is the valence band discontinuity A between HgTe and
CdTe. The value of A is presently disputed.
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Many models have been recently developed to calculate the band discon-
tinuities. For heterojunctions between compounds having the same anion
such as tellurium it has been postulated from the phenomenological "common
anion rulo"(lo) that the valence band discontinuity A is small 1.e.<0.leV,

This prediction is supported by tight binding calculntionc.(39)

But
recent theoretical results, based on the role of interface dipoles do not
support the common anion rule and predict a much larger value A = O.SQV.(LO)
Such a large value has also been calculated recently with & natural lining-

up without any dipole contribution: 0.260V(AI) and 0.36eV(42).

The first experimental determination of A was obtained from far-infrared
magneto-optical experiments at T = 1.6K on a superlattice consisting of
100 periods of HgTe (180A) - CdTe (444). The best agreement between
experiment and theory (done in the envelope function approximation) was
obtained for A = 40 ..v.(35)

Since then, additional magneto-absorption experiments have been performed
on several other SLs and it has been constantly found that a small positive
offset A within the limits (0-100meV) provides the best fit.(33)

Resonant Raman Scattering was applied recently to investigate electronic
properties of HgTe - CdTe SLs. From these experiments, it has been shown
that the I'; holes are confined in the CdTe layers which implies an upper
limit of 120 meV for A.(as)

As ve discussed before, IR photoluminescence measurements agree fairly
well with predicted bandgaps using a small value for A.

On the other hand, photoemnission has been demonstrated to be most valuable
for providing direct and microscopic understanding of heterojunction band
discontinuitios.(ka)

Figure 8a illustrates schematically the principle for measuring A = AE,
at the interface between two semiconductors A and B with XPS. If AE, is
small (s 0.5 eV), as for the Te-based heterojunctions, a direct investigation
of the valence-band edges, Ee and Es. is unrealistic. Indirect measurement
involving core levels have to be used. By selecting two core levels, Eﬁ
and E:l. well resolved in energy and by measuring their energy difference
AEcl across the interface, AE, can be directly deduced according to the
following relation [see Fig. 8b].(b5,46)

AE,(A-B) = AE , (A-B) + (l-::1 - 53) - (lif1 - 85) (0]

Bcl -~ Ey, the binding-energy (BE) differences betveéh the core level and
the top of the valence band for each semiconductor, are determined indepen-
dently on the bulk semiconductors. All information pertinent to the
interface in relation (1) are clearly contained in AEcl(A-B).
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Commutativity holds if AE,(A/B) = AE,(B/A).

Semiconductor A: Semiconductor B:
Substrate Overlayer
X-RAYS
\ e
~_ B (a)
a
d=5 - 40 A
A
Ev I—- AE, (8//A)
E
A A v
E,-E
. B B
gA Eci— E, (B)
ci 8
AEcl(B//A) Ecl

Fig. 8. Principle of determining AE, = A with XPS.
{a) By irradiating with X-rays semiconductor
A covered by overlayer of semiconductor B,
XPS spectra of both semiconductors are
recorded 1f overlayer thickness is smaller
than electron escape depth. (b) Schematic
flat-band energy diagram i1lustrating relation
1.

A was neasured recently by XPS and a large value A = 0.35 eV was ob-
tained.(as) This value was determined from a unique sample, grown in one
chanber and analyzed in another chamber after exposure to air.

In order to clarify whether there is a discrepancy between optical and
XPS data and also in order to verify the commutativity rule not obtained
for the GaAs/AlAs system we have performed very careful XPS measurements
under well controlled conditions.

The investigated interfaces have been grown in situ by molecular-beam
epitaxy with a RIBER 2300 system. Epitaxy came out in the (111) orientation
with Te-rich face as controlled by reflection high-energy electrondiffraction.
Linearity test as well as meaningful comparison with theory requires
interfaces to be abrupt at the atomic scale. Thus the growth temperature

vas maintained at 190°C, a temperature known to give no interdiffusion

18




[ S

across the interface when growth time is short. Moreover, the interface
sbruptness 1is inferred from the exponential attenuation with overlayer
thickness of the substrate XPS peak.

The samples were directly transferred to the attached spectrometer,
at a pressure of 10"10 Torr, without transiting through the air. No conta-
mination occurs, avoiding any cleaning procedure. The XPS spectrometer 1is
a SSX-100 model from Surface Science Laboratories using a monochromatized
and focussed Al, Ko excitation line. The overall energy resolution measured
on A“af line at a binding energy of 83.93 eV is 0.7 eV. The core
levels ;a@%ctod in this work are the resolved spin-orbit components Cdbd ’
H‘Sds . 5/2

4%0 nearly lattice-matched HgTe-CdTe(TII)B heterojunctions have been
investigated here in great detail. Figure 9 shows the results for AEcl’
the binding-energy difference between ECdad and EHng , at different
overlayer thicknesses for the two revoruo-;é%gih orders. Sﬁicl is found to
be independent of the overlayer coverage. Meanwhile the Fermi-level
position at the interface is varying by 0.2 eV with coverage. This lack
of sensitivity of AE, toward interface Fermi-level position, as previously
reported for GaAs-Ge,(“7) provides the first hint of linearity, in suggesting
a AE, "pinning"” by the alignment of some reference levels across the
heterojunction. Second, AEcl igs identical for the two growth orders and
equal to 2.696 + 0.030 eV. The experimental uncertaintly is given by the
standard deviation, §, for the measurements.

. 29 ¢+
2 CdTe _ HgTe
5 28% Cdag,,, Hosq,,,
] .
& [ ]
27T o e 000 i * °
Oe °
2.6 + = . L
10 20 30

THICKNESS OF HgTe (e) or CdTe (o) (A}

Fig. 9. AEcl accross HgTe-CdTe interface as a function
of growth order and coverage (open oval,
CdTe over BgTe; fillled oval HgTe over CdTe).

To obtain (Ecl - BEy) used in relation(l), E, is simply located by linear
extrapolation of the valence-band leading edge. This procedure is well
justified by the close similarity of the band structure of the tellurides

near E, [see Fig. 10]. It is quite accurate as shown by the § over numerous

S PO ntnuliiion
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measurements on independent samples: Ecggzd - ESdTe = 10.145 ¢ .030 eV
and ET® - 8T . 7.805 + 0.020 ov. °/2

Hg5d25/2

'
* o [

'
- L]

HgTe ~° [
4 [

COUNTS (Arbitrary Units)
f

35 25 1.5 O0.5E,-05
BINDING ENERGY (eV)

Fig. 10. Linear extrapolation of valence-band leading
edge locates the same characteristic feature
of the bands taken as E,. The spectra are
shifted to align E,.

Then 4E, = A derived for HgTe-CdTe is: 0.36 £ 0.05 eV.*®) This value
compares very closely with ref. 45. Hence the discrepancy of XPS with
magneto optical data is confirmed but not understood at the present time.
Magneto-optical data at 2K as well as the infrared transmission measurements
that we have performed at 300K cannot be interpreted by using such a large
valence band offset either in the envelope function model or in the LCAO
approach. In fact, most of the investigated SLs are calculated to be
semimetallic at 4K for A = 0.35eV which is not compatible with the magneto-
optical data. It should be pointed out that XPS measurements were carried
out at 300K on single and perfectly abrupt heterojunctions whereas magneto-
optical, RRS and IR photoluminescence are performed at low temperature on
multijunction structures where some interdiffusion cannot be completely
ruled out. .

In addition, if an appreciable amount of mercury is incorporated during
the growth in the CdTe layers that could change the theoretical calculation
for Eg and hence the fitting parameter which is precisely the valence band
offset.

XPS measurements are currently undertaken in the laboratory on multi-
layered structures grown under the same conditions than superlattices in
order to shed some light on this discrepancy. )

The present center of the theoretical debate on the understanding of
A is the role played by dipoles at the interface. The core level to valence
band maximum binding energy shifts have been measured by XPS for H;l_
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these shifts are mainly due to valence band maximum shifts. We found that
the sum of the valence band shift for HgTe and CdTe in Hgl_xCdee is
constant for the entire range of the alloy composition x and equal to 0.35

Due to small charge transfer and core level shifts,

eV. This value coincides exactly with the valence band discontinuity
measured for HgTe-CdTe heterojunction. Therefore we conclude that there
is no need for interface dipole to explain the large valence band offset

in agreement with another investigation performed on the alloy Hgo 7Cdo 3
50) . .
To.(

VI. TRANSPORT PROPERTIES - TYPE III-TYPE I TRANSITION

One of the most interesting unanswered questions of HgTe-CdTe super-
lattices is the mobility enhancement in the p-type structures. Hole mobilities
have been reported as high as 30,000 cn2/V.sec. but all are above 1,000
cn?/V.sec. Mixing of light and heavy holes has been suggested for the
enhancement of the hole mobilitie:.(17) Several theoretical investigations
have been carried out to study chis problem. The band structure calculation
has been refined using a multi-band tight binding model(SI) and the effect
of the la*tice mismatch between the HgTe and CdTe has been investigated. (51,52)
These studies conclude that the light holes should not contribute to the
in-plane transport properties.

In order to investigate this interesting problem we have grown related
superlattice systems i.e., Hgl_xCdee-CdTe. Hgl_anxTe-CdTe and Hgl_xanTe-
CdTe. HgTe-CdTe is called a Type III superlattice because of the inverted
band structure of HgTe. In Hgl_xCdee—CdTe SL system at T = 77K when x 1is
smaller than 0.14 {t is & type III SL. Whereas, when x is larger than
0.14 1t is a Type I SL, similar to GaAs-AlGaAs SL, since HgCdTe is now a
semiconductor with both electrons and holes confined in the smaller bandgap
material [see Fig. 11].

This Type III - Type I transition is also expected to occur in Hgl_anxTe-
CdTe SLs for x ~ 0.07-0.08 and in Hgl_xanTe - CdTe SLs for x ~ 0.10-0.12
(the effect of the strain has not been taken into account).

Near the transition, strain, valence band offset, alloy disorder, native
defects, compensation are the same in Type 111 and Type 1 superlattices.

The only difference is the existence of interface states in type III
SL but not in Type I SL.
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Fig. 11. BandstructureofbulngTe,CdTeanngl_xCdee
illustrating Type III and Type I SL configura-
tion.
In table 4 the Hall characterization of several SL samples {s reported.
It is interesting to note that if for Bgl_xCdee/CdTe and Hgl_xanTe/CdTe
SL systems p type superlattices have been grown none of the Bgl_anxTe-

CdTe SLs are p-type. This difference along with the continuous drop of
E)

Table 4 and Fig. 12 show that the hole mobility drops drastically between

the electron mobility is not currently understood since n and p type Hg
anxTe layers have been grown by MBE with high electron hole mobilities. &

- 20000}
3000 ! = .
= ! 1 - N
" . | HgCdTe/CdTe SL. » . HgZnTe/CdTe SL.
- 1
T 2000 | > 10000}~ © o
> 1 ~ |
NE : E .. '
3 4 ] <, S000F, !
x Type Ul L Type | a : 1 Type |
3 300 ! Typo W
100 1 ! ) Lot 50 , | l' . . .
0.1 0.2 X vake 0.1 0.2 X value

Fig. 12. Ball mobility for holes in Hgl_xCdee—'lTe
and Hgl_xanTe-CdTe Type III and Type I SLs.

Type III and Type I. (More Hgl_xanTe-CdTe SLs should be investigated in
the Type I region since only one is reported). All these superlattices
have been grown in the (111)B orientation on GaAs(100) substrate. It has

been previously reported(ls) that HgTe-CdTe SLs grown on GaAs exhibit lower

PPN - NBDUINISPEIINEINRGNSESSERSn v mimn P = S
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p-type mobilities (ug - 103-10%ca2v-151
or CdZnTe (ug: 10%-105em2v™1s7!
for Hgl_xCdee—CdTe SLs it is not the case for Hgl_xanTe-CdTe SLs since a
hole mobility as high as 2 x 1o“cn2v‘1s'1 is observed for sample #48688,

In this system a uniaxial compressional strain wuich exists in Hgl_XanTe

range) than those grown on CdTe

range). If the same tendency is observed

layers could play a role in the hole mobility by pushing up the light hole
band.

In comparison hole mobilities in Type I are in the 102-103cn2V—13‘1
range, or even lower, which is the usual range for p type Hgl_xNxTe alloys.
Thus we are dealing with a hole mobility enhancement in Type IIl SLs and
not a hole mobility decrease in Type I SLs. This strongly suggests that
the mobility enhancement 1is related to the presence of the interface
states since it is the only change occuring during the transition. It is
not surprising that no sudden change in the electron mobility is observed
in n-type Hgl_anxTe-CdTe SLs since the interface states involved in the
transition have a light hole character and are not supposed to affect the
mobility of electrons.

Table 4. Characteristics of Hgl_xNxTe—CdTe (N = Cd, Mn or Zr) superlattices
grown at 190°C on CdTe(111)/GaAs(100) substrates. The Hall
mobilities were measured at 30K except for sample No. 18124 which
was measured at 10K. D = Hgl_xNxTe layer thickness; Dy = CdTe
layer thickness; n = numbers of periods; x = Cd, Mn or Zn composition

in Egl_xNxTe layers.

D1 Dy n HH
SL System Type Sample x Ay ) (cmZV-ls—l)
II1 18124 0 70 45 70 p-2.5x103
III 20539 0.01 82 34 120 p-1.8x103
Bg,_,CdxTe/ IV 20842 0.08 70 32 100 p-2.5x103
CdTe I 20943 0.16 70 40 100 p-3.5x102
1 18929 0.23 48 22 90 p-1.3x102
I 18728 0.27 69 22 100 p-5 x 10
I 41880 0.04 168 22 100 n-2.7x10%
I 42281 0.05 69 26 105 n-1.5x10%
Hg, MncTe/  III 4169 0.07 8 14 100 n-5.6x103
CdTe I 32064 0.09 76 40 150 n < 102
I 32266 0.13 66 46 150 n < 102
E
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III 47685 0.011 56 29 150 p-4.7x103 24
III 49092 0.038 109 37 150 p-3.6x103
II1 48187 0.064 170 p-5.4x103
II1 48789 0.077 150 p-6.0x103
B;l_xanTe/ IIT 48991 0.082 150.. p-7.6:103
CdTe IIT 47886 0.086 150 p-1.2x10%
III 48688 0.103 85 30 150 p-2.0x10%
1 46982 0.120 150 p-6 x 10
Hole mobility enhancement has also been observed recently in p-type HgTe-
H‘l-xCd*T° single heterojunctions(SA) vwhere Bgl_xCdee is a p-type semicon-
ductor. This enhancement was expected since such heterojunction has a
Type 1II interface. The Hall mobility at about 30K of some p-type HgTe-
Hgl_xCdeo heterojunctions and Bgl_xCdee alloys are shown in Table 5. The
heterojunctions which contain a thin layer of HgTe between the alloy and
the CdTe buffer layer exhibit higher mobilities than the epitaxial layers
grown without any HgTe layers.
Table 5. Mobilities of some BgTe-Hgl_xCdee heterojunctions and Hgl_xCdee
alloys at about 30 K.
Sample x ngTe (9] ua(cmzlv sec)
1 0.20 80 1000
2 0.21 60 1000
3 0.20 70 1200
4 , 0.28 75 1800
5 0.30 85 1100
6 0.33 70 1200
7 0.20 ' 0 560
8 0.25 0 400
9 0.30 0 400
We have made magneto-transport measurements on both Type 1II SLs and
heterojunctions in magnetic fields up to 22 tesla and temperatures as low
. as 0.5K. Details have been published elsewhere.(ss) The observation of
E the Shubnikov-de Hass oscillations in HgTe-CdTe SL (sample #SLI) and
' H50.92Cd0.08T°-CdT° (sample #20842) implies that the hole mobilities are
high. We have shown that carriers are in the HgTe or Hgl_xCdee layers of
:
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the superlattices. Our results determined under identical conditions at S
tesla are m* = 0.30 and 0.36, respectively, for the two superlattices
which are consistent with heavy-hole effective masses in this ternary
alloy. Nevertheless, it should be pointed out that the effective mass of
holes might be lighter at lower magnetic field where Hall measurements are
performed. Indeed, a strong magnetic field dependence has been observed
on high hole mobility and from the SL band diagrnn(aa) it can be seen that
the curvature of both the heavy hole and interface state bands change much
in K space.

The Quantized Hall Effect (QHE) has been observed in both Type III p-
type superlattices and heterojunctions, confirming the existence of 2D
hole gas at the 1ntu‘flco.(56) Fig. 13 shows p_  and Pxy for a HgTo-Hgo..,z-
Cdo.ste heterojunction at 0.5K. The first quantum oscillation for Px is
observed at 0.7 tesla. Using the condition ugB = 104 required for observing
quantum oscillation one can deduce that pg ~ 1.4 x lol‘cuz\l-ls.1 i.e., one
order of magnitude larger than what we are measuring by conventional Hall.
This is giving credit to the existence of multi carriers in these structures.
The same phenomenon has been observed in HSO.9ZCdO.08T° - CdTe SL. Hall
measurement indicates a hole mobility of less than 2 x 103¢:|||2V'15'1 at 0.5
tesla where the first quantum oscillation 1s observed indicating that upg
should be equal to 2 x 10%a2v 1! This mixed conduction could explain
the apparent difference in hole mobilities between SLs grown directly on CdTe
or CdZnTe substrates and those grown on GaAs.

500 60000
a0 | 48000
n
- 2
g 300 | 36000 m
: g
200 | 2000 &
3
-4
100 12000
s 0
& 8 12 16 20 2

TESLA

Fig. 13. The Px and pxy of a HgTe-Hg°.720do.28Te
heterojunction at 0.5 K.

The CdTe buffer layer grown on GaAs could be responsible for this
difference. Charge transfer at the CdTe-HgCdTe¢ interface invoiving deep
traps in the CdTe buffer layer has been observed recently.(57)

Concerning the QHE reported in Fig. 13 if the Hall resistance at 2.1
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tesla corresponds to 1 = 2 then { = 1 ghould be at 4.2 tesla and { = 1/3
should be at 12.6 tesla. We observe the i = 1 Quantized Hall Plateau of
about 25.820 ohms between 4 tesla and 13 tesla. Our analysis concluded
that these features cannot be explained by sample inhomogeneity but could
be explained by a magnetic field dependence of the carrier concontrntion.(ss)
VII. CONCLUSION

In this paper we have reported on very recent developments concerning
the growth and the characterization of ﬂgl_xCdee-CdTe SLs and related Hg
based superlatcice systems.

These SLs are now currently grown on CdTe, CdZnTe or GaAs substrates.
The success of the epitaxial growth on the later substrate represents an
important opening due to the high crystal quality of GaAs, its availability
in large area and its interest for electronic devices. The only concern
with GaAs is its large mismatch with HgTe and CdTe which could generate,
even after growth of a buffer layer, some residual strain in the superla-
ttices.

The thermal stability of the HgTe-CdTe interface has been investigated
through temperature-dependent in situ X-ray diffraction measurements and,
despite the digpersion in the results, it turns out that the interdiffusion
cannot be neglected for thick superlattices grown at 185°C. This has been
confirmed by probing two thick superlattices grown on GaAs using three
different X-ray wavelengths. The softest wavelength produces the cleanest
and the best diffraction spectrum emphasizing that the top of the SL has
the sharpest interfaces.

A comparison between the experimental room temperature bandgaps and the
theoretical predictions from the envelope function approximation has been
presented. There is a good agreement when the valence band offset A is
taken equal to 40 meV. Nevertheless, a systematic discrepancy between the
experimental data and the theoretical predictions is observed suggesting
that the experimental data may have a different functional form than the
theoretically predicted one. We have presented an equation relating i,
and dy for HgTe-CdTe SLs when dy 2 35A. Because the method of determining
Ao 1s rather simple, this equation makes it possible to determine d;
quickly and easily as long as dy is greater than 35A. This is very useful
to anyone growing HgTe-CdTe superlattices, since in the absence of RHEED
oscillations it is difficult to know the layer thicknesses. This linear
relation was not predicted by theory. We have proposed an empirical
formula for ), as a function of both d; and dp

Ac(um) = [0.366 exp (-0.0034 d%) + 0.118]d; + 0.78
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The value of the valence band discontinuity A is presently disputed both
theorstically and experimentally. The phenomenological "common anion
rule” postulates that A is small, i.e. < 0.1 ¢V and this value is supported
by magnetooptics, Resonant Raman Scattering, IR photoluminescence and IR
transmission experiments. On the other hand, & much larger value of 0.5
eV has been calculated based on the role of interface dipoles. XPS experiments
carried out on single heterostructures HgTe/CdTe and CdTe/BgTe agree with
a large value of 0.36 eV for aA.

But XPS carried out on Hgl_xCdee alloys have shown that there is no
need for interface dipole to explain the large valence band offset. The reason
of such & discrepancy in the value of A is still not clear eventhough
several hypothesis are currently under investigation.

The Type III - Type I transition has been investigated in p-type ﬂgl_
xCdeo—Cd'l‘c and Hgl_xanTo-CdTo SLs. It is reported that the hole mobility
is drastically enhanced in Type IIl superlattices but also in Type III
heterojunctions. Such mobility enhancement which is not due to modulation
doping as in the GlAl-Gal_xAlel system is attributed to the presence of
interface states in Type III structures. A comparison between Hall data
and magneto transport measurement concerning the value of the hole mobility
indicates that multi carriers could participate to the transport properties
in these structures,

The Quantized Hall Effect has been observed in these Type III hetero-
structures. The large Hall plateau seen between 4 tesla and 13 tesla in a
E5T°—HSO.1ZCd0.ZBT° heterojunction could be explained by a magnetic field
dependence of the carrier concentration.

All these recent investigations confirm once again the specific and

fascinating character of these novel microstructures.
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